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AN INVESTIGATION INTO TOOLING REQUIRE..\fENTS AND STRATEGIES FOR FMS 
OPERATION 
By 
S. C. Silva 
Abstract 
A study of the minimum tooling requirements and strategies for efficient 
operation of Flexible Manufacturing Systems. FMS·s. in Assembly set 
Production. ASP. i.e production in sets of parts to completely assemble one or 
more product units. is presented in this research work. 
The main investigating tool is a simulation model. With this model the tool 
groups to be loaded into machines and fixtured pallet requirements were 
studied in conjunction with two scheduling rules. One is a FCFS rule and the 
other is a new rule. called MRPAS. which schedules work on the basis of the 
number of parts still unfinished belonging to an Assembly Set. 
The results of the research work show that ASP can be efficiently carried 
out in FMS's. However this requires that a good system set-up and adequate 
operating strategies are used. In particular appropriate tooling levels and 
good tooling configurations.TC's. i.e. combinations of tools in groups to be 
loaded into the machines. must be established to achieve high FMS 
performance. Tooling combination and duplication heuristic rules and the 
simulation model can be used for achieving this aim. The heuristic approach 
is shown to be necessary due to the impossibility. in a reasonable time. of 
evaluating the performance of FMS's under the large number of alternative 
tooling configurations which are possible. 
The level of fixtured pallets used can also have a great influence on system 
performance. Appropriate levels of these resources to operate FMS's for 
given TC's can be established using the methodology developed in this work. 
It is also important that good scheduling rules are used. In the cases studied. 
the MRPAS rule produces the best performance expressed as the 
combination of FMS utilization and production of complete assembly sets. 
Moreover a very small assembly set batch size. ASBS. i.e. number of AS 
released together into the FMS. is likely to be preferable. In the cases studied 
an ASBS of one performed best overall. 
iv 
Synopsis 
Flexible Manufacturing Systems, FMS's, are suitable for small batch 
production. The high manufacturing flexibility of these systems suggests 
that a variety of pans with different processing requirements can be 
produced together in the same manufacturing period, say a shift or a day. 
This indicates that Assembly Set Production, ASP, i.e. production in sets of 
pans to completely assemble one or more product units, can be efficiently 
carried-out in FMS. This production approach is considered in this work for 
studying minimum tooling requirements and strategies for efficient FMS 
operation; 
An analytical methodology is presented for estimating the minimum 
number of tools and fixtured pallets to run an FMS. The values obtained may 
be useful as a first approximation to the required resources to operate FMS's 
for manufacturing a given pan operation mix. 
However the main investigating tool is a computer simulation model. A 
complex and considerably detailed simulation model of FMS's was developed. 
With this model the required number. and type of tools to be exchanged in 
the machine spindles and different types of fixtured pallets were studied in 
conjunction with two scheduling rules. One is a FCFS rule and the other is a 
new rule, called MRPAS, which schedules work on the basis of the number 
of pans still unfinished belonging to an Assembly Set, AS's. 
Tooling configurations, TC's, i.e. the combination of tools in groups to be 
loaded into the machines, are determined through the application of tooling 
combination and duplication heuristic rules and computer simulation. The 
heuristic . approach is shown to be necessary due to the impossibility, in a 
reasonable time of evaluating the performance of FMS's under the large 
number of alternative tooling configurations which are possible. This 
number is shown to increase enormously as the number of different tool 
sets increases. 
v 
Two differently configured FMS's are considered. One is highly flexible with 
highly versatile identical machining centres. Le all parts can be processed 
by all machines. The other is less flexible with less versatile and different 
machining centres. This second configuration has restrictions on the parts 
which can be processed in each machine. 
The results of the research work show that ASP can be efficiently carried 
out in FMS. However this requires that a good system set-up and adequate 
operating strategies are used. In particular appropriate tooling levels and 
TC's must be established to achieve high FMS performance. Tool combination 
and duplication heuristic rules can be used for achieving this aim. The level 
of fixtured pallets used can also have a great influence on system 
performance. Appropriate levels of these resources to operate FMS's for 
given TC's can be established using the methodology developed in this work. 
It is also important that good scheduling rules are used. In the cases studied. 
the MRPAS rule produces the best performance expressed as the 
combination of FMS utilization and production of complete assembly sets. 
Moreover a very small assembly set batch size. ASBS. i.e. number of AS 
released together into the FMS. is likely to be preferable. In the cases 
studied ASBS of one performed best overall . 
It is also shown that an optimal work load level can be found after which 
system performance 
deteriorates as the 
does not 
workload 
throughput time increase. 
improve. 
increases 
On the contrary. performance 
since work in progress and 
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CHAPrER I -INTRODUCTION 
In general, a Flexible Manufacturing System, FMS, can be described as a set 
of Numerical Control, NC, workstations and possibly other auxiliary 
stations linked by a material handling system, to manufacture a variety of 
parts, with overall operation under computer control. 
This new generation of Automated Batch Manufacturing Systems, ABMS, 
has been with us for more then two decades137 ,30 However, although the 
basic technology used by such systems has been available for some time 
difficulties still exist in the integration of FMS elements, in FMS design and 
in the design of strategies and procedures for efficient FMS operation. 
Part loading and control of the work arid tool flow are major functions 
influencing the efficiency of FMS operation. The number of available tools 
and the way they arc combined to be loaded into machines imposes 
restrictions on manufacturing control decisions which affect F M S 
performance. 
There are quite a number of variations on tooling systems and tooling 
organization which can be adopted in FMS. However, many of them use the 
strategy of exchanging sets of tools in the magazines of machines or 
simply exchanging loaded magazines themselves. 
In such cases it appears that the combination of the tools for replacement 
according to part processing requirements is critical to efficient system 
operation. This is due not only to the fact that tool availability and 
grouping configuration in conjunction with machine versatility 
ultimately defines the degree of part routing flexibility but also because 
the number of tools necessary to run a system and the tool replacement 
frequency can be dependent on the way tools are combined and organized. 
It is pertinent therefore to investigate and find methods of deciding the 
minimum number of tools and their appropriate combination to run an 
FMS to carry out production of a given part-operation mix. 
This is a problem which can be seen firstly as a detailed design one b y 
defining the required number of tools of each type and secondly as a FMS 
operation problem encompassing the establishment of the best tool 
2 
grouping configuration to manufacture a given pan mix in order to 
achieve good FMS performance. 
Thus this research work has the objective of designing a methodology to 
solve these two problems in the context of prismatic pans production with 
panicular attention given to Assembly Set Production. ASP. chapter 4. as 
opposed to traditional batch production. 
Moreover. the work studies the use of the potential diversity of pan 
routing. usually provided by FMS. as a way of finding good schedules for 
FMS operation taking into account the objective of minimising the number 
of tools required for high levels of system performance. 
Due to the great difficulty of determining all tooling configurations from 
the amount of tools available and evaluating their efficiency in 
contributing to FMS performance objectives. heuristics are devised to 
indicate good tooling configurations to process a given pan mix. 
The problem of defining the necessary type and number of pallets and 
fixtures is also investigated. 
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CHAPI'ER 2 - CONCEPTUAL FRAMEWORK 
2.1 FMS CONCEPrS 
2.1.1 Definitions 
In 1967 Dozalek l14 used the tenn Flexible Manufacturing System to refer 
to a number of machines interlinked through common control and 
transport systems in such a way that automatic manufacture of different 
workpieces requiring a variety of different operations could be carried 
out. This definition still applies today as a general definition of a Flexible 
Manufacturing' System. FMS. 
Groover42 centres his definition on the flexibility of part processing 
defining FMS as "A manufacturing system consisting of numerical control 
(NC) machines connected by an automated material handling system. It is 
operated under computer control and capable of simultaneously 
processing a family of parts in low to medium demand volume. different 
process cycles and operation sequences." 
However Ranky88 emphasizes the computer data processing aspect and 
extends the FMS concept to assembly. stating that "a Flexible 
Manufacturing System (FMS). may be defined as a system dealing with 
high level of distributed data processing and automated material flow 
using computer controUed machines. assembly ceUs. industrial robots. 
inspection machines. and so on. together with computer integrated 
material handling and storage systems·. 
2.1.2 Classes of FMS's 
Broadly three classes of systems for flexible manufacture can be 
distinguished: 
- Flexible Manufacturing Systems. FMS 
- Flexible Transfer Lines. FTL and 
- Flexible Manufacturing Cells. FMC 
4 
Figure 2.1 illustrates the applicability of the three general concepts in the 
context of productivity, defined as the pan output per processing time 
unit, flexibility for easy adaptation to production of different pan mixes, 
batch size of identical pans and workpiece variety which usually can be 
dealt with in the same manufacturing period of say one day. 
FMS and FTL have imponant differences in their work flow structures. 
FTL's essentially process work in a sequential manner, i.e. pans follow one 
another unidirectionally from one machine to the next machine in a fixed 
sequence through all or some of the machines in the line. Schematic 
representations of FTL's are shown in figure 2.2 (a). FTL's most frequently 
use roller conveyors for transponing workpieces between stations. 
Flexibility in FTL's is achieved through the use of NC stations, local 
workpiece buffers, and bypasses at some workstations in the line. NC 
machines are characteristic of all FMS's. However these FTL's may also 
include some conventional automatic, i.e. non NC, machines. 
The class of FMS's is distinguishable from FTL's mainly because pans to be 
processed can access randomly any machine in the system. This is 
achieved through variations on the FMS work flow structure, as figure 2.2 
(b) illustrates. Flexibility of the system is also enhanced through the wide 
use of machining centres, section 2.1.5. 
A FMC is characterized by having a single versatile Computerized NC, CNC, 
machining centre, MC12S,97, either for rotational work, in which case is 
usually referred to as a turning centre or turning system, or for prismatic 
work. The FMC machining centre has its own dedicated local part/pallet 
storage, transpon and handling system and also local tool storage and tool 
handling system. A reasonably large storage capacity for tools can be 
usually provided if necessary. This is necessary for maintaining 
unmanned work for long periods. FMC frequently have a local wo r k 
storage capacity for onc or a few shifts. When pallets are used usually a 
capacity up to 20 or more pallets can be available. Figure 2.3 shows typical 
FMC's for prismatic parts and figure 5.267 shows a FMC for rotational pans. 
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FMS's consisting of a few machines arranged in a circle like layout. with 
parts loaded/unloaded from machines by an Industrial Robot have also 
been referred to as FMC's. 
2.1.3 Costs 
Initial and operating costs of FMS's are usually high when compared with 
non automated systems. A complete FMS installation with 10 machines may 
easily cost $10 millionS4 . Of the total cost, it" is estimated that on average 
machines may cost 50%, fixtures pallets and tooling 25%, transport and 
material handling 10%, software and control 8% and engineering service 
7%. Labor costs, tooling and maintenance are the most significant 
operating cost items in an FMSS4. These cost estimations point to the 
importance of pallets, fixtures and tools in both the design and operation 
of FMS. This constitutes a central aspect studied in this research work. 
2.1.3 Advantages of FMS 
Advantage of FMS in achieving high levels of performance in batch 
manufacture and of providing high flexibility at many levels justifies the 
use of FMS by a firm. In relation to traditional batch manufacturing 
systems, TBMS, i.e. manufacturing systems manually controlled and 
operated with stand alone Ne and other machines, typical advantages from 
using FMS are: 
1 • Higher machine utilization, U. 
A much higher utilization is possible in FMS than in TBMS, 
primarily because of reduced set-up requirements. and as a 
consequence a lower number of machines is necessary for 
satisfying a certain demand. 
2 - Lower job throughput time. 
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Average job throughput time with an FMS can be very much 
shorter than with a TBMS. This can lead to substantial reductions in 
order delivery times. 
3 - Low levels of work-in-progress. w.i.p. 
W.I.P. can be substantially lower than in TBMS because of the 
possibility of FMS's being able to efficiently manufacture smaller 
batch sizes and also because the number of machines in an FMS will 
be much. lower than in TBMS62 
4 - Space savings 
The smaller number of workstations required usually allows space 
savings and consequently savings in costs. In addition there are co st 
savings in transport of materials. e.g. as workpieces. pallets and 
tools. during the system's operating life. 
5 - Unmanned operation 
FMS's are more suitable for 24 hour a day operation because of the 
possibility of unmanned or partially unmanned production being 
carried out for one or more shifts a day. 
When compared with a TBMS which may operate only on a one or 
two shift basis. this ability of FMS's to operate continuously provides 
more intensive use of the equipment. This helps minimize the pay 
back period on FMS's. Furthermore, these systems. which have the 
inherent capability of operating for substantial periods without 
human intervention. will be less affected by operator absence than 
TBMS. 
6 - Consistent quality 
This is a by product of the use of NC machines. 
7 - Part mix and product design changes. 
The flexibility at various system levels. primarily that provided by 
low set-up times and NC control of machines. means that changes in 
part mix and in product design can easily be implemented in FMS. 
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In general the advantages referred to above highly contribute to the 
overall better performance of FMS's relatively to TBMS·s. This is due to the 
combination of aspects such as the possibility of delivering in shorter 
times at lower levels of w.i.p. and higher machine utilization. the 
flexibility of being able to change part mix and product design more easily 
and the ability to manufacture parts in a larger range of batch sizes. This 
potential for increased performance is an important factor in increasing 
company competitiveness. 
2.1.5 FMS Elements 
The main FMS elements are: 
- Operators 
- Machines 
- Auxili ary workstations 
Fixtures and pallets 
- Tools 
- Transport/Handling devices 
• Control, Monitoring Supervision Systems 
Operators 
Although FMS are essentially automated systems there is still a need for 
carrying out some manual operations. system supervision and to prepare 
general manufacturing schedules. For this a certain number of personnel 
is necessary . 
Typical manual operations which are still carried out in FMS are 
palletising and depaJIetising work and tool replacement at the processing 
stations. These are frequently done at the start of well defined 
manufacturing periods. 
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Tool set-up and preparation is also an area where avoidance of the human 
intervention seems to be difficult. 
Machines 
A major division between types of machines is: 
-Machines for rotational work 
-Machines for prismatic work 
Some machines can only perform a single type of operation. e.g. milling. 
turning. etc .. In this thesis these are termed single purpose machines. Th e y 
can be used in both FMS's and FrL's but are less suitable for FMCs. section 
2.1.2 . FMS's with such machines are termed Multiple Stage Systems 
FMS's83. 
Machining Centres. MC's and turning centres. section 2.1.2. are versatile 
machines which can perform many different operations. These machines 
are typical of FMC's and widely used in FMS's. They are termed 
multipurpose machines in this thesis. MC's are usually provided with local 
tool storage and automatic tool exchanging mechanisms. Automatic 
part/pallet exchange mechanisms are also frequently incorporated. These 
versatile machines are frequently able to completely machine a 
workpiece. FMS's with these versatile machines have been referred to as 
Single Stage Systems FMS's83. 
There is also a range of machines whose versatility is in between that of 
the two types of machines above referred to above. They are termed Hmi ted 
purpose machines. Usually a part rarely is completely processed in one of 
these machines. A system which includes both this type of machines and 
highly versatile MC's and possibly single purpose machines have been 
referred to as Mixed or Combined Stage System FMS's83 
Other complex machining systems can also be seen which include tooling 
head changing machines or tooling head ch angers and too ling head 
indexing systems or tooling indexers, figure 2.4. Figure 2.4 also shows a 
schematic representation of an FMS which uses tooling heads changers27 . 
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Studies and descriptions of required features of machine tools for 
Automated Manufacturing have been published recently by a number of 
authors including Gatelmand38 , Yoshida 143 Ana Kochan63 and Lord71 . 
These emphasize the importance of the modular design of machines which 
allows a variety of machining system configurations to be built up from 
basic modules. Modular design towards standardization has been extended 
to many parts of FMS's94 This highly simplifies FMS development and 
installation 124,97,2. 
An overview of tooling systems for machine tools is given in chapter 4. 
AuxjU ary wQrkstatioDs 
Auxiliary equipment is used mainly for quality inspection. 
Inspection of quality and of dimensions can be integrated into FMS's in two 
main forms: 
1 - through measuring and touch probes used at machining stations 
normally held in machine spindle 
2 - through use of inspection and measuring machines strategically 
placed in the layout of the FMS. 
The use of touch probes has been discussed by Lewenden69 and a study on 
the measurement of tools and workpieces is given by Hermann49 
Inspection machines can be of Ne type, e.g. Ne coordinate measuring 
machines 120 or other types. 
Fixtures and pallets 
Fixtures and palIets come together to form fixtured pallets on which parts 
will be held. Fixtured pallets constitute the physical interface between 
workpieces, the transport system and the workstations. Thus usually, in an 
FMS parts are carried on pallets. These are transferred from a palletising 
area or part/pallet storage area, by means of an automated transport 
system, to the machines for processing and then back to the palletising 
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area for pan depalletisation and refixturing if. necessary. A range of 
palletising possibilities and work transpon alternatives is available. These 
are described in some detail in chapter 4. 
Palletising and depalletising are respectively the first and last tasks to b e 
performed on pans in an FMS. These tasks. as referred above are still 
predominantly manually performed. 
Pallets are usually loaded on machine tables. This is very typical of 
prismatic pan production although these pans may also be handled 
individually at machines. and positioned in a fixturing s y s t e m 
permanently resident at the machine. figures 2.3 and S.S. However this 
approach to pan clamping and positioning for machining is typical of 
rotational work where the pan is loaded directly into a clamping device. 
e.g. chuck. fixed to the machine spindle. This may be :J manual operation 
but in FMS is usually performed by an industrial robot. 
Attempts have been made to try to simplify the clamping and unclamping 
functions through universal 47 flexible and automatic clamping or 
fixturing systems96.121. Such systems may be modular141.70 or specially 
designed to accommodate a limited variety of identical pans. Fixturing 
systems can be flexible to accommodate a variety of different pans. 
For pans to be produced in somewhat larger quantities. it might be 
advantageous to design specific and efficient fixturing systems for fast 
clamping of pans. These systems may be designed for clamping one or a 
few identical or different pan types figures 2.3 and S.S 
Tools are used at the spindle of the machines for pan processing and other 
auxiliary functions. Three types of tools may be distinguished: 
-Replaceable single tools for machining 
-Replaceable tool heads for machining and 
11 
-Touch and trigger probes used for measuring and monitoring 
functions 
Tools are essential to carry out part processing and must be available at the 
machines when required. An adequate tool management system is 
necessary and a number of approaches to this problem are reported by 
Hankins et al45 . 
Tool requirements and elements of tooling systems are considered in some 
detail in chapters 5 and 6. Additionally. most of this research work looks 
into the influence of a variety of tooling aspects on FMS performance. 
Tools are still frequently replaced manually in FMS's but there appears to 
be a tendency of completely automating the tooling distribution system. 
This has been done in a number of existing FMS125. An approach 
becoming popular is to take tool kits to the machines on an Automated 
Guided Vehicle. AGV, and replace them into the magazine of the machine 
by meas of an automatic handling mechanism or industrial robot. IR. 
figure 2.547• 
Transport and Handling Devices 
Transport and handling devices, HD. are necessary to move parts and tools 
between workstations and central stores. HD's are important elements of 
the FMS material flow system. 
Consideration of material flow and material flow systems is given in 
chapters 5 and 6. 
2.1.6 Control, Monitoring and Supervision 
2.1.6.1 Levels and Functions of Control 
The control of FMS's can be viewed at two levels142 : 
- The Production Planning and Scheduling off-line level and 
- The production control on-line level. 
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At the first level a production plan is determined where part types and 
quantities to be produced during a manufacturing period of a day or a few 
days are specified. This is mainly dependent on part demand requirements 
and available production capacity. A finite capacity plan or schedule is 
prepared where jobs or parts are allocated to machines or group of 
machines. The allocation can be aggregated or detailed. In the latter case 
an indication of the machine where and when should each part be 
processed is given and transmitted to the real time process control system. 
The production plan is frequently revised and adapted to take account of 
perturbed and changing system conditions. 
For the preparation of the production schedule account is taken of the 
main manufacturing resources. i.e. machining and other workstations but 
also of manufacturing resource aids such as fixtures. pallets and tools. This 
is necessary when such resource aids can become constraints to part 
assignment to machines. This is most likely the case when they are 
available in limited quantities. 
On-line control is directed to accomplish the production aims established at 
the previous production control level. i.e. the production planning and 
scheduling off-line level. through on-line commands based on control 
strategies for job releasing into the system. part assignment to and 
part/pallet sequencing at the machines for processing. 
On-line control decisions may either be determined by an off-line detailed 
schedule93.53 in which case the on-line control is mostly concerned with 
the generation of process control commands to carry out the schedule. or 
alternatively defined in real time. i.e. during real time operation of the 
FMS based on a aggregate schedule for the planning periodllS•82. Off-line 
detailed production schedules can be generated with the aid of a very 
detailed simulation model of the FMS operation a few hours in advance of 
the start of production for the manufacturing period. Scheduling in 
real-time may also use simulation for real time evaluation of alternative 
control decisions before they are taken82. 
Job dispatching or job releasing into an FMS is the highest level in a 
hierarchy of on-line control and can be performed based on a number of 
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strategies. These are typically based on part due dates or part urgency. and 
factors which are related with machine load and machines idleness. In this 
releasing framework strategies can be used which attempt to balance 
work load among machines. release work for the idle machine or avoid 
work release for the bottle neck machinel 06.6. 
The assignment of parts to and sequencing at machines is aimed at 
achieving performance objectives. These typically consist of achieving 
high machine utilization. meeting due dates. minimizing throughput time 
and work in progress or a combination of these measures. 
Part assignment and sequencing control must take consideration of real 
time availability of machines and manufacturing resources such as tools 
for allocation to and sequencing of parts at the machines in order to 
guarantee that part processing can effectively be carried out when 
scheduled. Such control is normally done basing decisions on priority 
rules. These may include First Come First Served • FCFS. rule. rules based on 
remaining processing time or number of operations of the job or still on 
many other factors. Once a part is effectively loaded onto and ready to be 
processed at the machine. the control system uses the appropriate NC part 
program for controlling the· machining operations. 
A classification of the FMS control decisions at various levels 
corresponding to different time horizons is given at the FMS Handbook47 
and are shown in figure 2.6 
2.1.6.2 Hierarchical Centralized and Decentralized Control 
The AMRF and AFMS Approaches 
A methodology for overall control of automated manufacturing systems 
has been proposed. in the context of the Automated Manufacturing 
Research Facility. AMRF and Advanced Factory Management System 
• A FM S .82 where control of production is performed at different 
hierarchical levels in such a way that the input to one level is the output 
from the upper level of control realized for a larger time horizon. figure 
2.7. The frequency of decisions are taken. at the lowest level on a second by 
14 
second basis up to more than a monthly basis at the highest level of 
control. A two way information communication chain linking the 
hierarchical levels is necessary for control decisions. data collection and 
the monitoring of both the system conditions and the achievement of 
operational schedules. 
Relative to the scope of decision control allowed at manufacturing cell 
control level two approaches can be considered82• One is the centralized 
approach. The other is the decentralized one. In the centralized approach 
most control decisions are taken at the upper level. i.e. shop level. and 
transmitted to the cell control to be carried out. Production control 
decisions are mostly not taken by the cell control in real time but simply 
the control of cell operation follows a pre-defined shop detailed schedule. 
This normally requires intensive two way data communication between 
cell control and the upper control level. In the decentralized approach 
great control autonomy is given to the cell control and in general to each 
control level in the hierarchy. Thus the higher levels usually define 
general control plans or schedules to which lower levels should base their 
own control decisions. Large disruptions of normal manufacturing 
operation and large deviations of pre-defined performance objectives. 
defined at the higher level. are likely to require action of this higher 
control level. This action essentially consists of general rescheduling and 
definition of new performance objectives. However small disturbances are 
dealt with within a control level. The need for information communication 
between levels in the decentralized control is smaller then in the 
centralized control due to the greater control autonomy of the centralized 
control. 
Advantages of the centralized control are easier implementation. a broad 
view of the system control requirements by the central computer which 
can therefore make good control decisions due to large system status 
information which it can access. Interaction between decision makers in 
the control process is easier because of the simple control structure. These 
advantages are frequently overshadowed by the disadvantages resulting 
from difficulties which the central computer has in handling massive 
amounts of information in real time. Moreover difficulties may also arise 
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for producing timely decisions due to the . high frequency with which they 
are required. There is still the risk of total system disruption due to 
interrupted communications caused for example by computer failure. 
An important advantage of the decentralized control is the provision for 
greater autonomy of the manufacturing systems to run itself with most of 
the control left to cell level. Only when major problems arise doeHhe shop 
beeortle.'. 
control level ,.... involved in the control decisions. In this way the cell 
communication link with the upper level is less vital than in the 
centralized approach in such a way that if it is broken the manufacturing 
shop may well be able to carry out activities for some time. 
Other Approaches 
A different hierarchical decentralized FMS control system approach was 
developed by StutellS , figure 2.8. Control hierarchy and decentralization 
is achieved by using different computers at different levels and at a same 
level using different computers for carrying out different tasks or 
functions. In this function based decentralization a main computer is used 
for main scheduling. Below this there is a manufacturing computer which 
is used for control and monitoring of the production process. The control is 
carried out on the basis of a schedule passed down by the main computer. 
Two other computers are used at the lower hierarchical level. One is used 
for carrying out geometry functions. such as interpolation for all the 
machines in the system. and the other is used for technological 
information handling. This includes decoding commands. produce output 
to programmable controllers. control pallets and tools' flow and data 
acquisition. 
Fig. 2.9 shows the main control tasks to consider in a control system and 
divide them into groups to be treated by different computers 131. For the 
centralized control only long term planning tasks are left to the main 
computer and the other manufacturing control tasks are carrie.d-out by 
the centralized manufacturing computer. For the decentralized case four 
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computers are considered each one with a reduced number of 
manufacturing control tasks to be carried out. 
2.1.6.3 Monitoring and Supervision 
Monitoring 
Monitoring systems are aimed at avoiding large scale disruption of FMS 
operationally due to unexpected malfunctions of FMS elements. 
There are many aspects to be monitored 1. Amongst the most important are 
workpiece and tool conditions. 
Important sources of failure in an FMS are wrong tool lengths set-ups. tool 
breakage and bad part positioning at the machines. Tool monitoring 
systems must be able to detect these deficiencies and lead to immediate 
preventive actions against undesirable consequences. When a tool breaks 
a logical measure is to retract the tool and replace it by a new one for 
further processing. either of the same part. if this has not been damaged. 
or of new parts. In the extreme tool breakage may cause the machine stop. 
Another important aspect of tool condition monitoring is the monitoring 
of remaining tool life. This is important for tool replacement which due to 
economics of system operation may have to be done at defined tool 
replacement periods before tool fife ends. Tool life monitoring is 
frequently done by recording tool usage time which is compared with a 
predefined tool life time64 . Other more sophisticated approaches take into 
account variation in some important machine. tool and workpiece 
parameters. These parameters may include temperature. noise and 
vibration. strain and forces. power and torque and workpiece quality data. 
Most of these are used for control and monitoring the level of tool wear in 
order to detect the right moment for tool replacement and also for adapting 
cutting conditions to achieve desired quality and increased tool life. 
The presence or absence of workpieces at the machining area as well as 
the identification of the correct part and its appropriate positioning for 
machining are other aspects which must be monitored in a FMS. 
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FMS Human Supervision 
Supervision is necessary to ensure that good operating and control 
conditions are maintained during system manufacturing periods. 
Normally FMS supervision is concerned with verifying that all 
manufacturing functions are carried out as expected and that production 
schedules are met. 
For small disturbances of system operation the computerized control 
system is usually able to take or indicate corrective action. however FMS 
supervisors may have to resolve problems resulting from unexpected 
disturbances of the normal operating conditions which cannot be tackled 
satisfactorily by the computerized control system alone. Thus, at 
breakdown of a machine or other major FMS element major rescheduling 
of work may be necessary which usually requires human interaction with 
the control system. A new scheduling plan for the manufacturing period 
may have to be prepared93 • 
2.2 FMS DESIGN AND OPERATION 
The overall design of FMS can be divided in two main stages: 
1· Planning or general design of FMS 
2· Detailed design of FMS 
2.2.1 Planning of FMS 
The main concern of FMS planning is to select the FMS equipment such as 
machines transport and handling devices. pallets and fixtures, and define 
the general system configuration to carry out production of a given part 
spectrum to satisfy a certain demand and therefore subject to a required 
production capacity. Moreover the general requirements and 
specifications of the control system and 
principles are also defined at the planning 
subsystems and operating 
stage. Thus FMS planning 
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establishes the boundaries and constraints upon which both the detail 
design and system operation will depend. 
At the end of this phase a few alternative systems may result which will be 
submitted to a "microscopic" study at the detailed design level. 
2.2.2 Detailed Design of FMS 
Almost every decision from and result of the planning phase can be seen 
as an input to the detailed design process. At this stage the alternative 
designs pre-defined at the FMS planning level are closely analysed in 
order to arrive at a final and operational FMS system. Aspects that may 
have to be determined are concerned with buffer sizes and their locations. 
the appropriate number of each type of pallet and tool and also magazine 
sizes. Moreover the efficiency and effectiveness of each configuration 
selected at the planning level is determined and required changes to 
improve system performance are put forward. 
The detailed design of an FMS relies heavily on the performance 
evaluation of the system based on a range of operating strategies. In this 
sense much of the detail design of FMS can be regarded as a phase of 
designing the set of procedures and modes which will be used during FMS 
operation. 
The design of the FMS operational strategy is concerned with finding the 
best ways of running the system to achieve production objectives. This 
usually requires the comparison of different strategies for releasing jobs 
into the system. the study of alternative processing routes. evaluation of 
different palletising sequences. analysing tool requirements and loading 
to machines. definition of modes of production e.g. Assembly Set 
Production or Batch Production. chapter 4. It also involves determining 
ways of obtaining good and feasible manufacturing schedules for the 
allocation of parts and shared resources such as tools and pallets in order 
to achieve high FMS performance. 
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2.3 FMS MODELLING 
The process of finding adequate FMS configurations and refining them to 
obtain a final good solution is an iterative process 14 0 which can involve a 
range of planning and design tools and techniques. The most widely used 
are modelling techniques which can be classified under three headings: 
- Analytical Modelling 
- Computer Simulation 
- Physical Simulation 
• Analytical models represent quantities and relationships as mathematical 
variables and expressions. which are then manipulated (mathematically) 
to yield the desired information 
Simulation models take the data used by the real system and. through step-
by-step duplication of the changes that data would undergo as the real 
system operated. transforms it into output measures 
Physical models. also called emulators. make use of hardware devices 
which are sufficiently similar in their characteristics to those of the real 
system to draw inferences about how the real system would behave"101: 
2.3.1 Analytical models 
The work on analytical models for FMS design can be classified under two 
categories: 
Mathematical programming 
- Queueing network models 
Mathematical programming models rely on Operations Research techniques 
such as Linear Programming. Integer and Dynamic Programming. 
Queueing network models may combine both queueing network theory and 
some of the techniques of mathematical programming such as linear and 
non-linear programming and integer programming. 
• I 
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Analytical models find considerable use at the very beginning of the FMS 
planning stage. A variety of these models have been reported136,98,12 
Newer analytical techniques such as Mean Value Analysis, MVA and 
Perturbation Analysis Method, PAM, have also been applied to study the 
performance of FMS, section 3.2.1. 
2.3.2 Simulation 
Although. as referred to above. a range of analytical models and modelling 
approaches are available. for FMS design and operation performance 
evaluation simulation models are by far the most useful. effective and 
reliable tools130.74.5. 
Simulation has become an integral part of design of FMS's' Almost all 
aspects of FMS operation can be modelled through simulation. Simulation 
can be used as an aid to FMS design and control at any level. Computer 
simulation was until recently available only on large computers but today 
realistic simulation work can also be developed on personal 
computers43•22. 
Computer simulation can provide valuable information both at early stages 
of the design of FMS and also during system operation to assist in the 
scheduling and <assignment of parts and tools to machines. 
In the early stages there is emphasis on studying alternative system 
configurations or concepts suitable for manufacturing a chosen part 
spectrum. It is important at this stage that the computer simulation model 
is able to evaluate different FMS types and material flow structures and 
general strategies for the operation of proposed FMS·s. These strategies can 
be related with part mixes and batch sizes to be adopted. allocation of work 
to machines or groups of machines and job releasing strategies. 
At a more detailed level simulation should be able to accurately evaluate 
any operating strategy for part and tool allocation to machines and part 
priority sequencing at different workstations. Moreover it should be able 
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to determine the impact of varying levels of manufacturing resources 
such as tools and pallets on FMS performance. 
In a simulation study the evaluation is based on output measures from the 
FMS model. These usually include. utilization of FMS elements such as 
machines. transporters and pallets. part and batch or product throughput 
times and also work in progress. w.i.p.. expressed either as the number of 
parts in the system or the processing time already performed on such 
parts. 
It is frequently argued that computer simulation models take a lot of time 
to develop but this is largely dependent on the approach to simulation 
used. language and also on the expertise available. Recent developments on 
graphical input/output and particularly on simulation program 
generators60 are making the task of simulating FMS simpler and quicker. 
Things can be made even simpler if well tested and validated simulation 
models are available when necessary. 
Well developed and tested detailed simulation models are good in accurately 
reproducing the system operation and behaviour. For this they require as 
input a large amount of system information in the form of deterministic 
data. such as part routes. processing times and also the representation of 
all relevant system elements such as parts. fixtures and pallets. machines 
and tools and handling devices. In addition stochastic data reflecting 
forecasted and historical information is usually also required 
• 
for 
evaluating the influence that aspects such as breakdown of system 
components and variation in demand and other variables have on system 
efficiency. A typical stochastic aspect which may be studied is the 
influence of statistical variation of operation times on system 
performance53. 
When the influence of operating strategies in a particular system 
configuration has to be studied. or detailed aspects of design are suspected 
to have a great influence on system performance. then fine simulations 
must be done. This requires that considerably detailed simulation models 
are used to evaluate FMS performance. Such models should provide the 
user with a range of detailed output information which may include 
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aggregate and sometimes detailed performance measures about relevant 
system elements such as machines, transport units, operators, tools, pallets, 
fixtures and workpieces. 
Simulation models may also be required for initial generalized studies of 
FMS performance in which the level of detail is somewhat restricted. In 
this thesis such models will be referred~ as "global" simulation models. 
When a physical system configuration is not clearly defined, a global 
simulation model can be used to evaluate a range of alternative global 
design configurations. Typical input data to global simulation models have 
a predominantly aggregate nature and are frequently stochastic. Thus, for 
example, theoretical probabilistic distributions may be used for defining 
processing times, work arrival to the system and unexpected 
The usefulness of global simulation models is close to that 
stoppages. 
of Closed 
Queu.elng 
J\.Network. models for FMS study, figure 2.10. An FMS analysis package 
may need to include not only simulation models for both global and 
detailed design but also a range of analytical models17 including closed 
network models such as CAN-QI02. 
Eyaluation of Exjstin& and Proposed Systems 
Simulation modelling is used either for studying existing systems or 
proposed systems. When simulating existing systems model development is 
simplified because even the most detailed information needed about system 
configuration and operating aspects, is in practical terms, readily 
'available. The real system can also be seen as a test bed against which it is 
possible to compare the results of the simulation for testing and validation 
purposes. 
By its very nature the modelling of new FMS's m3Y have to be a more 
protracted process because some important data initially needed is not 
immediately available at the start of modelling. This includes processing 
times of parts, strategies for part and tool handling and part palletisation. 
Initially some of the data may have to be estimated which will be refined as 
modelling proceeds. Additionally the design of new FMS's has normally to 
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be carried out in various stages. This usually requires first the use of 
global simulation and possibly analytical models for aggregate evaluation 
of a variety of alternatives followed by detailed simulation of a few selected 
FMS configurations. 
Software for EMS simylation mQdeUini· 
Simulation models can be written in normal high level languages such as 
FORTRAN and PASCAL or in specially constructed simulation languages 
such as SIMSCRIPT. GASP. SLAM and ECSL. The advantages of simulation 
languages are that they usually simplify the task of model development 
through simplified programming and they provide aids for model testing. 
They also frequently offer a comprehensive set of tools for aiding model 
input and model output. for simplifying simulation experimentation and 
analysing simulation results. 
A third type of language which may be called a special purpose simulation 
language has emerged during the course of this research. Such languages 
are normally oriented to the simulation of specific types of problems and 
systems and are directed at simplifying the task of model building. Those 
that are used for the design of FMS are usually called FMS simulators 
although the term may also be used to mean a particular FMS simulation 
model. The three major FMS simulators are SKITAS19. GISA31. and MAS-r68. 
FMS simulators are normally provided with a form of automatic generation 
of a specific simulation model in a simulation language. Graphical aids are 
now used for input of some relevant data and also for presenting 
simulation results. In some recent cases the simulation can be visualized at 
a graphics terminal in a dynamic pictorial reproduction or animation of 
the simulated process. Varying levels of animated sophistication are 
offered by the simulators. 
Artificial Intelligence techniques are now being brought into the design 
of such automatic program generation99 . 
It is clear that as we move up in the level of a language. the application 
generality and flexibility of representing detail decreases. On the other 
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hand· simulation languages and FMS simulators simplify model 
development and testing. These are possibly the main aspects which should 
be taken in consideration when choosing a language for simulation. If a 
FMS simulator can provide the basis for developing an appropriate model 
of a specific system. then it is likely to be the appropriate modelling tool. 
For very detailed and complex FMS simulations high level languages like 
FORTRAN or PASCAL may be preferred to simulation languages or FMS 
simulators. This reasoning is supported by Cavaille16 who in relation to a 
detailed simulation of the RENAULT FMS states: • The choice of a general 
language such as FORTRAN results mainly from the level of sophistication 
of the network and the control system whose modelling using a simulation 
language is too heavy • 
Experimentjng with Sjmulation models 
Simulation is essentially a non-optimizing technique. The amount of detail. 
complexity. stochastic and estimated nature of some data make optimization 
unrealistic91 . Simulation can give good SOlutions. but no optimal ones. to 
many aspects of FMS design and operation and helps to avoid large risks 
and economically undesirable alternatives. 
With rare exceptions the model user is usually an essential integrating 
part of the model itself in that he or she closes the simulation loop by 
being able to analyse the simulation output data of successive simulation 
experiments towards finding a good combination of relevant factors. 
Simulation models may also include built in search procedures for 
determining good levels of particular factors or parameters based on a 
predefined required performance objective of a simulated system1S. 77. 
This greatly reduces the involvement of the model user in the simulation 
process and can lead to good values of the factors or parameters within a 
few simulation runs. One technique used by Carvalho15 is based on the 
"Decentralised Gradient Approach-DGA·. In this approach the simulation is 
run with an initial set of parameter values. A DGA analysing routine then 
examines the internal details of the run and attempts to recommend a 
25 
better. set of values. The simulation can be automatically rerun 
successively for each new set of recommended values until the DGA has no 
more changes to recommend or its recommendation fails to improve 
performance. 
In a similar way Mellicamp and Wahab77 have supported the automatic 
generation of good FMS designs on an expert system. 
2.3.3 Physical Simulation and Pilot Systems 
An FMS physical model is essentially a scaled down physical 
representation of the real system through modelling components. like 
Fishertechnik components. of a proposed FMS system. Once ideas are clear 
about the FMS overall structure then a scaled model can be built in a few 
weeks81 . 
Most of the FMS control hardware and software can be integrated with the 
physical model in such a way that testing and further development of 
control system software. interfacing and information processing system 
can be carried out. This real system emulation for the study of the 
computerized control is probably one of the greatest advantages of 
physical modelling. Another important benefit is the provision for 
training of personnel who will be supervising and operating the FMS in 
advance of the real system becoming operational. They can use the model 
to simulate system operation. 
Pilot FMS plantsS although very expensive when compared with 
simulation approaches. may also be used to study FMS. They are likely to be 
particularly useful for settling detailed aspects of design and control and 
in particular to try out system hardware and system control software. 
These plants approximate the real system and are seen as test beds for FMS 
installation. 
The pilot FMS may represent an entire FMS plant or only a subsystem of a 
large system to be installed. It can be used as means of training people to 
use an FMS. Pilot FMS's can also be seen as the best "modelling" option. 
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although the most expensive one. for studying system integration at all 
levels. 
Physical 
will not 
simulation and pilot 
to be referred" further. 
plants were not used in this research and 
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CHAPI'ER 3 - LITERATURE SURVEY 
3.1 SURVEY OFFMS'S 
3.1.1 Traditional Manufacturing Systems 
Traditionally two main kinds of manufacturing systems could be identified: 
-lob Shops. IS's and 
-Transfer Lines. TL's 
lob shops are labor intensive systems with. usually. one man operating 
one machine. Initially these were conventional machine tools but since 
the introduction of NC in 1950's66 IS's also tend to include these latter type 
of machine tools. IS's are able to produce a large variety of parts requiring 
different processing sequences and technology. 
IS's tend to have low productivity. section 2.1. Iow average machine 
utilization. large work in progress and usually very long product lead 
times which can easily reach months. These deficiencies lead to a poor use 
of manufacturing resources and therefore to relatively high cost of piece 
part manufacture. 
TL's are manufacturing systems where processing operations are carried 
in a fixed sequence imposed by the line layout of the machines. Pans flow 
one behind the other. unidirectionaIly from one extreme to the other of 
the line. stopping the same amount of time at every machine for 
processing until the last stage of processing in the line is finished. 
Transfer lines were first used for large scale production in the beginning 
of 20th. century in the automobile industry by Henry Ford 134 . 
TL's are very suitable for high volume and very low or zero part variety. 
Small variations on a part type may be accepted provided the same 
manufacturing process and sequence could be used. TL's usually produce 
identical parts at very high production rates. high machine utilization. 
low throughput time and low w.i.p. In simple terms w.i.p is only the work 
which is currently being processed at each of the machines and 
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throughput time is the time a part takes during processing to move from 
the beginning to the end of the line. 
Once a TL is designed and installed it is necessary that it continues 
producing a part type or small variations of it for many years. 
So TL and IS's are two approaches to manufacture which are incompatible 
with present market requirements for low cost and high variability of 
product types with short life cycles and short lead times. 
Ideally a manufacturing concept was required that had the flexibility 
approaching that of job shops for producing a variety of parts but with 
productivity, machine utilization and lead times which could approach 
those of transfer lines. FMS appeared just to fill these requirements. 
3.1.2 Initial Developments of FMS 
To achieve the aim outlined above a revolutionary manufacturing concept 
was proposed in the mid 60's. This proposed the computerized control of an 
automated manufacturing system consisting of the then new NC 
machining centres and an automated work flow system. 
The first system to be designed in GB was the Molins 24 System137,138, 
figure 3.1, for prismatic parts. Parts were to be manually clamped on 
pallets which would then be transported by an automated stacker c r an e 
and stored in a vertical store. A second stacker crane would then be used to 
transfer pallets between this store and the machining area. Finished 
palletised parts which had been returned to the store would be taken back 
to the operators by the first stacker for part unclamping. Each machining 
centre was provided with a magnetic tape on which a number of NC 
programs were stored. Each pallet was capable of taking a number of 
different parts. The overall manufacturing process was computer 
controlled. The Molins 24 System was in fact the first FMS do be designed. 
Molins 24 System was ahead of its time. The concept required computer 
power which was not available at that time at sufficiently low cost. 
Although the concept was never fully built one partial system was 
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however installed at Molins Deptford factory and another at an IBM 
factory in USA 7. 
Another system developed in the mid 60's in USA, was the Variable Mission 
Manufacturing System, VMMS5,30, figure 3.2. This system was the designed 
answer by the Cincinnati Milling Machine Co. to manufacture a small 
variety of parts in relatively large quantities which were not enough to 
justify the use of TL's. Parts were also prismatic and individually clamped 
onto pallets. The work flow system was quite different from that of the 
System 24. A loop roller conveyor was used with the possibility for some 
storage buffer near a number of NC machines. A washing station was also 
included. The VMM manufacturing system was in fact the first Flexible 
Transfer Line to be built. 
3.1.3 Present State of FMS Development 
Presently more that 300 FMS may be available. In a 1987 survey 253 
systems have been reported26 only in Japan, USA, and Europe. 
Surveys of existing FMS's have also been published by Spur and 
Mertins 104, Mertins7S , Wilhelm l35 , Hutchinson55 ,56, Kochan et al65 , 
Gatelmand40, Steinmuller et all09, Iwata57 , in the FMS Magazine of July 84, 
April 85 and July 85, Bilalis et al6, Smith et allOO and Enghill et al29 • 
The growth of FMS applications since they have been firstly installed is 
shown in figure 3.3. 
Type of FMS's 
FMS are also divided according the type of parts they manufacture in: 
- FMS for rotational, R, parts and 
- FMS for non rotational or prismatic, P, parts. 
In general Rand P parts are not manufactured in the same system. 
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The USA FMS's are predominantly for P Parts. In fact, in USA, no FMS for R 
has been reported by SteinmulIer and only two were reported by Mertins. 
World wide only around 20 % of FMS's are for rotational parts. This is 
clearly shown in both the comprehensive survey of 87 FMS's by Spur et al 
and also in the recent survey of 107 FMS's by Edghill et al. 
Sjze QfEMS 
From 80 FMS's of the FMS surveyed by Spur et al 40% of them have only 
between 2 and 5 machines and about 80% have no more than 10. Similar 
results are shown by other surveys. In the survey presented by Enghill et 
al it is shown that 45% of the FMS's have no more than 6 machines. 
Work Bow System 
The nature of the work flow systems can be classified in systems with 
discrete means of transport of parts or pallets and continuous transport 
systems. These include floor and overhead conveyors of many kinds. The 
discrete type transport include any kind of transport on floor vehicles 
such as tow line, track or rail vehicles, automated guided vehicles and still 
gantry type robots or cranes and industrial robots. 
In the Spur survey about the same number of the systems use the 
continuous type of transport and the discrete type. A few EMS's use both 
conveyors and discrete type transport systems. However this not the case 
in the recent survey by Smith et al. of the USA FMS's, were conveyors 
accounted for 35 % and the discrete type transport and handling system 
was used in 87% of the systems. 
Part variety 
Very few systems produce more than 200 different parts 1 04. In the Enghill 
et al survey 24 out of 29 FMS's produce a variety no larger than 30 
different parts and very large proportion of the FMS's, i.e. between 43%104 
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and 62%29. manufacture at most 10 different parts. 34% of the USA FMS's 
manufacture a part variety no larger than 20. 
About 50% of the parts fall within a 600 mm cube29 . 
Batch sizes 
Average batch size varies between 3029 and 55104 . In the Edghill et al 
survey 24 out of 41 FMS's produce in batches no larger than 30 and in the 
USA 50% of the surveyed systems100 manufacture batches larger than 30. 
3.2 MODELLING FOR FMS DESIGN AND CONTROL OF FMS 
3.2.1 Mathematical Modelling 
Most of the work on analytical modelling for FMS design based on 
queueing theory is direct or indirectly related to the JacksonS8•59 work 
developed almost three decades ago. Jackson developed a method for 
studying jobshop-like queueing network systems as a set of independent 
service stations. 
Work on analytical models using queueing theory has since then been 
developed by many authors39.136.98.12.61. 
The models fall under two areas namely flow line type network with and 
without buffers and job-shop like network. However practical application 
of this work has been limitedl36 . This is due to the too restrictive 
assumptions underlying analytical models which rarely apply in real FMS 
and due to the limited range of output measures that can be obtained. 
Solberg102 has developed a model. CAN-Q model. which has been shown to 
be useful to use at the initial stages of FMS design. The model can be used 
for determining the number of required stations to satisfy required 
. production output. 
The CAN-Q model is a queueing network "Jackson" type model which 
models an FMS as a closed queueing network system in which a single class 
of customers is considered and a number of customers (workpieces) N is 
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maintained constant. This assumption can be seen to be quite realistic for 
FMS with a fixed number of pallets in the system. Further assumptions 
include exponential service times, infinite machine buffers, fixed 
transport times and perfect reliability. Central part storage is not 
considered nor is the possibility of studying time dependent sequencing 
priorities. 
Although some of the assumptions within CAN-Q can be seen as very 
unrealistic compared with the complexity of FMS, this model which is easy 
to use is stated to provide acceptable initial system performance 
estimates 1 03. These include production rate, mean flow time, utilization 
and work in process. The model can also show the effect of increasing 
process inventory on the production rate and flow time. 
Some models based exclusively on mathematical programming were 
included in a software package 72 which also contains closed queueing 
network models destined to be use in the preliminary stages of FMS 
planning. One model, SELECT, is used to select machinery on the basis of 
machine cost, machine availability and part operation processing time in 
each alternative machine. Alternative routing arrangements can be 
considered by trial and error based on successive runs of a dual optimizing 
program called GLOBAL. The routing arrangement which combine "best" 
utilization and minimum total production time is selected. At a next step, by 
using a linear programming program called BATCH, a good combination of 
work loads is defined to achieve maximum utilization in a minimum 
production time to meet production demand. The queueing mOdels, called 
QUICK, within the same package, are used to determine the appropriate 
number of pallets required per work load per part type and to define the 
approximate buffer sizes at machines. The package has been used to 
establish initial configurations for Flexible Transfer Lines. 
Further work on analytical modelling was presented by Buzacott and 
Shanthikumar11 . They have used a few simple analytical models to analyse 
the importance of different levels of control and the influence of local 
and central storage on the output of FMS-like systems. Major conclusions 
were that the models show the desirability of balanced workload. the 
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benefit' of diversity in job routing if there is adequate control of released 
jobs and the superiority of common storage over local storage at the 
machines. 
Recent Techniques 
A fairly recent technique called Mean Value Analysis. MVA.89 which uses 
mean values of the variables. has also been applied to study FMS 
performance l17 . MVA which is oriented to study Close Queueing Network 
Systems uses an analytical recursive algorithm and a heuristic procedure 
which is considered to be reasonably accurate. 
Another very recent technique called Perturbation Analysis. PAMS 1. has 
also been applied to study the performance of FMS·s117. PAM may be seen 
as combining an analytical stochastic methodology with computer 
simulation. Its main objective is to determine the values of performance 
measures without having to use the "brute force" of experimental 
simulation. PAM is based on a given sample realization. i.e. sample path. of 
a discrete event system obtained either from actual 
observation/experimentation on the real system or from a single 
simulation run of a detailed simulation. The basic question to be answered 
is how does change in the timing of events. firstly originated by the 
change. i.e. perturbation. in the value of a system parameter. change 
system performance measures? The analytical procedure based on the 
results of the single simulation run can then establish. within reasonable 
accuracy. the expected values of system performance measures caused by 
the change of the value of the parameter. 
3.2.2 Computer Simulation 
FMS are characterized by features which include highly dynamic 
operation. unique requirements. high interdependence among system 
elements. sensitivity to operational strategies. high complexity and high 
cost. 
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The need to obtain proper evaluation of FMS performance to a v 0 i d 
unnecessary expensive mistakes of inadequate system design and 
operation, suggests that the simplistic mathematical models of FMS may 
only be useful at the first steps of design and performance evaluation of 
such systems. It has been suggested by many authors74.128 that computer 
simulation still is the most effective and realistic modelling technique 
capable of studying the complex interrelationships between FMS elements 
and operation control strategies· at different levels of detail in order to find 
the suitable FMS design and operating procedures to manufacture a given 
part spectrum. 
In the last few years there has been a growing interest among 
researchers in studying FMS. Additionally companies have become 
increasingly interested in using FMS's as figure 3.3 suggests. These two 
reasons have caused the development of a large number of FMS simulation 
models, Table 3.1. As can be seen from figures 3.3 and 3.4 , there is a 
correspondence between the increasing number of existing FMS and th e 
number of simulation models developed indicating the necessity for the 
use of such simulation models for performance evaluation. 
Due to this demand for simulation modelling it is not surprising to see that 
most recently there has been a tendency for providing the user who needs 
to evaluate FMS design and operation with tools which can ease the way to 
simulation model development60,8. These tools which may be based on 
Artificial Intelligence, AI99,lll, are essentially referred to as FM S 
simulation program generators. In general a program generator can be 
defined as "an interactive software tool that translates the logic of a model 
described in a relatively general symbolism into code of a simulation 
language76 ". Program generators for FMS simulation models may be 
referred to as FMS simulators although this term is also used to mean FMS 
simulation models themselves. 
One of the earliest program generators for simulation modelling. CAPS. was 
developed by Clementson21 in 1972. A 1980 CAPS' version is available. CAPS 
automatically generates an ECSL language22 draft of a simulation model 
through a dialogue oriented data input description mode. However the 
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generated model has to be enhanced to accommodate details which it is not 
possible to include at the automatic generation level. Typical of such 
details are particular scheduling and control procedures or priority rules 
which control the flow of entities such as parts and transporters through 
the system. It is clear that for full model development CAPS' users do also 
have to master the ECSL language. In a sense, in this case, the task of the 
model developer it is not particularly simplified. 
It has been suggested20 that usually it is not possible to generate the 
program segments for FMS scheduling through program generators. In 
addition it seems that many presently available FMS simulators do not 
satisfy basic design criteria such as that put forward by Jain60. 
Animated simulation, section 2.3, may also be available in a simulation 
model or a FMS simulation package. This may include a number of 
independent although integrable programs68 among which may be a 
program generator. However animation is not essential to study FMS's 
although useful for "feeling" and explaining what goes on during 
simulation run time. 
It must be emphasized that a FMS simulation program generator is not a 
FMS simulation model. It is a special program built on top of or linked 
usually with a simulation language or a main simulation model which has 
some degree of generality, i.e. of capability to configure a variety of 
specific FMS structures and control procedures. So the generator works as 
a pre-processor of a simulation language or a generalized simulation 
model and may be written in a programming language different from that 
of the generated simulation model43 . 
Generated simulation models are usually obtained through data input of 
important parameters80 and other data, usually in a dialogue mode and 
eventually graphically supported. A simulation model generated from a 
,generalized FMS model has capabilities naturally restricted by the 
capabilities of this model. The problem that arises is that a good and 
detailed model cannot be generated from a bad and global one, i.e. one for 
FMS first stage design and perfonnance evaluation. In particular if some 
aspects of relevance to FMS design and operation analysis, such a s 
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palletisation complexity and control procedures are not considered 
explicitly in the main model then it is very unlikely that this can be made 
a available in the resulting FMS model obtained through program 
generation. To avoid this, i.e. to avoid having to write code directly, the 
main models must be both very detailed and quite general and be able to 
configure a variety of modelling situations from first step design up to a 
very detailed analysis of FMS operational control. 
FMS simulators or program generators which could satisfy the modelling 
objectives of this research work were not available at the time this 
research started. 
3.2.3 Tooling . Systems and Tool Management 
Of the variety of existing simulation models given Table 3.1 only a few 
model tooling systems or the movement of tools within the FMS. 
In some studies, e.g. Carrie14 • tooling aspects may be analysed after 
simulation of part assignment to machines has been performed not 
considering tools to be a resouree constraint to pan assignment. 
Stute et al113 ,116 have used simulation for the study of tooling· They 
investigated the performance of 16 tool storage structures in order to 
choose the "best" one to adopt in a pilot FMS developed and studied at the 
University of Stuttgart. A framework for the determination of the number 
of tools was also presented. Basically tools could be determined based on a 
planning period or based on batch sizes and batch types to be 
manufactured together in the same production run taking into 
consideration the strategy to machine loading. 
We s tk am per 13 3 in a comprehensive study of automation in batch 
manufacturing also used simulation for detail study of tool flow structures 
including tooling requirements in a panicular automated manufacturing 
system with 20 multi spindle machines and 200 different tools. 
A simulation model called PATHSIM was developed by Crite et al2S with the 
main objective of studying the physical configuration of a tooling system, 
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which consider the tool transport system, based on carts, to be independent 
from the work handling system and also considers tools to be allocated to 
machines on a tool kit basis, a tool kit being defined as "the set of tools 
required to process one part type at one station type". 
Ho and EIMaraghy28 developed a simulation model to study tool 
management in FMS. The model offers the possibility of both graphical 
output of performance measures and simulation animation' with an 
advanced video option. 
In a study on tool management by Hankins et al45 advantages and 
disadvantages of four tool grouping allocation strategies, namely Bulk 
Exchange, Sharing Tools, Migration and Resident Tools have been put 
forward. The authors conclude that the best strategy to use is very much 
dependent on the user's production requirements and that tooling 
constraints can hinder the productivity of FMS, but significant problems 
can be minimized through a good overall management system. Again it 
seems that the study is based on the assumption that a part allocation to 
machines schedule is pre-defined in a way which does not take tools in 
consideration. 
Bell and Souza4 are also developing a comprehensive system for tool 
management in highly automated flexible machining systems. It appears 
that the system also uses as input a part allocation schedule to machines. 
In this research work both machines availability and tools availability are 
neceMa!y conditions for parts allocation. 
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3.2.4 Palletisation 
An aspect which appears not to have had particular attention i n 
simulation modelling is that of palletisation complexity and generality. 
This is presented in detail in chapter 6, figure 6.2 and section 9.4, figures 
9.4.2 and 9.4.3. When such complexity exists in the real system under study 
it must be modelled unless evidence exists that simplifications can be made 
without affecting overall performance analysis. 
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3.2.5 Just-in-Time Production for Assembly 
To achieve low w.i.p. and low. throughput time to overall manufacturing 
system there is a need for just-in-time production for assembly which can 
be achieved through adequate operational control of manufacturing on an 
Assembly Sets, AS, basis, chapter 4. It appears that this manufacturing 
strategy and the study of operating procedures for Assembly Set 
Production, together with tooling aspects have not been treated by 
previous simulation modelling. 
3.2 RESEARCH ISSUES 
There are a range of generalized tools which can reasonably satisfy the 
FMS general design level tasks. The main problems are more at the FMS 
detail design level and particularly in FMS operation. Thus difficulties can 
be found in correctly defining the number of pallets and fixtures of each 
type as well as tools. Concerning FMS operation, there is a need to look into 
ways and methods to control the effect that shared resources like tools and 
fixtures have on system efficiency 1 03 . In particular the influence which 
such resources can have in finding good schedules must be understood. 
These aspects are likely to affect the way FMS systems should be operated. 
For example resource constraints may delay a scheduled operation even 
though workpiece and machines are available because the necessary tools 
may be in use elsewhere. Resources can always be duplicated but even 
such a measure, which brings increased costs and possibly increased 
"confusion" within the system, does not necessarily guarantee a better 
system operation. This simply means that the effects of such resource 
duplication on system efficiency and behaviour should be understood too 
and subject to careful study. 
Working on the study of the effect of fixture and tool resources on FMS 
performance Solberg103 states that "the problem is considerably more 
difficult than it appears; some of our favored approaches failed utterly". 
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The research work reported in this thesis examines these aspects, in 
connection with the problems of control for system operation, giving 
particular emphasis to FMS system operation for minimum tooling. 
Manufacturin/l control 
In operating FMS the assignment, and sequencing of parts and tools to 
machines, Le. the short term scheduling, is of paramount importance. 
There are a few techniques which can be used to study the problem but. in 
a practical sense, they are restricted to the use of simulation. In fact 
analytical models do not yet offer an explanation of the principles which 
govern the operating dynamics within FMS and seem to be unsatisfactory 
techniques for studying realistic operating problems in real size systems. 
For this reason digital simulation is the main tool used in this work for 
modelling aspects of design and operation of FMS 
The power of digital simulation to emulate FMS in one or more models in 
order to study the dynamic relationships between system parameters and 
control strategies suggests that it should be used to help to establish new 
procedures and guide lines for the better understanding ~FMS operation. 
There could be a temptation to apply the findings of scheduling studies of 
conventional systems to FMS. However the main available useful guide 
lines, based on sequencing priority rules determined through 
experimentation with simulation models of conventional manufacturing 
systems simply may not be applicable to FMS. Working on the control of 
FMS Stecke and Solberg107 studied the relationships between sequencing 
rules and loading strategies in FMS. They concluded that FMS behave 
differently from conventional systems by showing that the results 
obtained under FMS situations were Ncounter-intuitive and different from 
those of previous similar types of studiesN referring naturally to 
conventional systems. 
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Machjne IQadjnl: 
Machine loading is another aspects which deserves further investigation. 
In simple terms machine loading is the assignment of workload to the 
machines of a manufacturing system. This task is apparently simple in 
flow shops due to the nature of sequential and directional parts processing 
in all or almost all the machines in the shop. In traditional job shops, with 
a predominance of single purpose machines such as lathes, mills. drills 
and grinders, the loading problem can be greatly simplified through the 
grouping of identical purpose machines. This leads to the process layout of 
manufacturing. Thus each group of identical or similar machines work as 
a pool of servers able to perform the same operations to which the work is 
normally assigned in a balanced way. 
In an analytical study of the FMS loading problem Stecke1 0 8 has 
demonstrated that a specific and unique loading solution exists which 
maximizes production rate. In particular when the sizes of the machine 
groups, i.e. groups of machines equally capable of performing the same set 
of operations. of an FMS are equal then balancing workload is optimal. 
However if the sizes of machine groups are different balancing is only 
optimal if the number of parts is infinity, i.e. very large. The optimal 
loading solution can be obtained as a function of the number of parts in 
the system. the machine grouping configuration and the number of 
machines in the system. In general a larger(smaller) work load must be 
assigned to the machines of larger (smaller) groups. 
According to Stecke the best production rate is obtained when all the 
machines are pooled together, i.e. can be grouped together in such a way 
that every machine can simultaneously process any part in the mix to be 
manufactured. If this is not possible due to physical, technical or other 
reasons. the best solution is obtained for a pooling situation which creates 
the minimum number of machine groups possible with the maximum 
number of machines imbalance between groups. Thus for a system with 8 
machines it is better to group them all than to make two groups of I and 7 
machines and this is better than a 2,6 configuration which on the other 
hand is better than \, \,6 and so on. 
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The conclusion that the fewer the machine groups the better is in line 
with the findings of queueing theorists which have proved that under 
steady state conditions and stochastic service times a pooled number of 
servers are more efficient than the same number of servers working 
separately. 
These results are of practical interest because they give guide lines for 
setting-up an FMS for part processing. However they are of little use when 
determining how FMS's really perform under different scheduling policies 
and sequencing rules and how they should be operated and controlled to 
manufacture particular part mixes which have varying processing 
requirements and levels of tooling. This is further emphasized by the 
simplistic assumptions underlying much of the analytical modelling not 
only for production planning and control but also for FMS design. A 
common assumption of analytical queueing models used for such purposes 
is to consider the system to work under steady state conditions. However 
more often than not FMS do not work under steady state. One of the reasons 
is the short term running periods. shift or daily basis. which rarely are 
enough for FMS; to achieve steady state manufacture. 
Moreover the FMS loading problem often is a problem which may be better 
solved during manufacturing control. In this case system state conditions 
are analysed at every instant part loading decisions are to be taken. For 
example. part processing needs and aspects related with tools and pallets 
availability. in addition to machine readiness. should be considered for 
decision at such instants. This means that decisions about part loading are 
delayed near to the instant of processing. This. strategy leaves open a 
number of alternatives for part loading which result from the in built 
flexibility of FMS's which would be otherwise not considered if part loading 
was defined at production planning. 
When part loading is solved at the planning level a fixed FMS tooling set-
up would have to be used for the manufacturing period. In particular if 
the loading problem is firstly seen as the assignment of parts to machine 
groups assuming workload balancing' between machines within the group 
then when the time comes any machine in the group should be prepared 
42 
to process the parts. This requires considerable tool duplication, depending 
on the size of machine groups. 
A problem can now be raised namely that of knowing if it is possible to 
achieve good system performance without tool duplication, or, if not, what 
would be the best degree of tool duplication to run the FMS. This problem, 
together with that of determining the number of fixtured pallets under 
different operating scheduling rules for ASP, is addressed in this research 
work. 
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CHAPTER 4 - SOME ASPECI'S CONCERNING OPERATION AND DESIGN OF FMS 
4.1 ALTERNATIVES TO TRADmONAL BATOl MANUFACTURING 
4.1.1 Ba tc:h sizes 
Traditional Batch Manufacturing Systems (TB MS) are nonautomated 
systems for manufacturing of a variety of parts. Production is normally 
carried-out and scheduled in batches of identical parts which arc 
transferred from station to station and loaded and positioned at a station. 
usually on a one by one basis. by the station operator. 
This batch approach to production is mainly motivated by the need to 
reduce work station set-up costs which are considered to increase with the 
number of times batch types change. 
The set-up costs are primarily due to the following reasons: 
-Cutting tool preparation. transport. replacement and set-up at the 
stations. 
-Fixture and jig preparation. transport. replacement and set-up at 
machines for part clamping and positioning. 
-Preparation. routing and loading of information for task 
processing including NC programs. 
Although when batch size, BS, increases set-up costs decrease. it is also true 
that other costs increase. These arc related to levels of work in progress. 
throughput times. space requirements and other factors. 
Reducing the BS to one is apparently inappropriate in TBMS. But this may 
not be so in FMS's because these systems are considerably different from 
TBMS. 
Therefore. it is pertinent to question the validity of the application of the 
batch production mode to FMS·s. Such a mode seems be against some of the 
objectives of FMS which include the minimisation of work in progress and 
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job throughput time keeping nevertheless high levels of machine 
utilization. 
In FMS's for prismatic work machine. set-up costs are low for both 
production of identical or different parts since parts are preset before 
being delivered. The only set-up cost incurred is that due to tool 
replacement for different parts. It is possible that this can be carried out 
whilst the machine is engaged in processing pans. Thus little savings in 
cost can be expected from production in batches. particularly if we take 
into account that the higher the batch sizes the higher the cost of work in 
progress and the longer job throughput times. 
It is important to point out that provided finished parts are not the end 
product. as it is most frequently the case in manufacturing systems. in 
practical terms the parts will remain in progress until they can finally be 
assembled into finished goods. This fact reinforces the idea that within 
FMS's the traditional batch production mode may not be appropriate. Such 
a view is also defended by some authors as the following comment by 
Warnecke 129 in relation to FMS flexibility. suggests: "The unit cost of a 
product is no longer dependent on lot size or number produced". Buzacott 
et alII has also emphasized the desirability for part diversity by stating 
that in an FMS " it is desirable to have a diversity of jobs with different 
routings". These views go against the traditional batch production mode 
and suggest that a one-off like production or at most very small batch sizes 
should be adopted in running FMS·s. 
4.1.2 FMS as Part of an Integrated Production System-
Assembly Set Production 
An FMS is fundamentally a subsystem of a larger production system. In 
general the manufacturing output of an FMS is likely to be the input to an 
assembly system. The assembly system. which mayor may not also be 
automated. is usually provided with an area for parts storage. The size of 
such a storage area is very much dependent on the organizational strategy 
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adopted to pan production at the previous manufacturing level and is 
likely to be large if traditional batch production is used. 
The amount of pans to be stored prior to assembly can be low if an 
adequate manufacturing strategy is implemented. This requires that pan 
manufacturing is synchronized with the pans for assembly requirements. 
In other words. pans should be manufactured according the immediate 
needs of assembly. i.e. a "just-in-time" strategy. At best. the set of pans 
necessary for a single product should be manufactured simultaneously in 
the same production run and before any other pan. This organizational 
form of production. based on assembly sets is called 
production. ASP. 
assembly set 
Due to the rigidity of traditional manufacturing systems such a production 
mode has been proved to be uneconomical. However FMS are highly 
flexible and therefore are more suited to ASP . 
ASP aims at finishing simultaneously all the required pans to assemble a 
single product. One way to achieve this is to palletise. in a single pallet. the 
maximum possible number of pans of an assembly set and process them 
together. This solution has been adopted to manufacture the set of pans 
necessary to assemble a small engine139. 
It is possible for ASP to lead to low assembly set throughput time and also 
low work-in-progress keeping FMS utilization high. 
With ASP it is theoretically possible to conceive integrated manufacturing 
and assembly systems with no inventory of finished pans. The pans 
necessary for assembly could flow more or less continuously from the FMS 
into an assembly system fed at the FMS output rate. However. due to 
unavoidable variations in work flow rates between the FMS and the 
assembly system provision for some storage of finished pans at the 
assembly area is likely to be necessary in practice. 
4.2 
4.2.1 
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ORGANIZATIONAL AND DESIGN ASPECTS'RELATED TO 
MANUFACTURING AIDS 
Number and Type of Parts per Pallet 
Pans may be palletised on one of two ways. Either a single part is carried 
by a single pallet or two or more parts can be palletised together. 
When a single part is carried on each pallet the problem of part mix 
within a pallet does not arise. However if a number parts are to be 
palletised together. the problem of knowing the type and number of parts 
to palletised together has to be solved. The problem is primarily of an 
organizational nature although technical constraints must be taken into 
consideration for arriving at feasible solutions. 
When batch production is adopted. the need to palletise together a number 
of identical parts is evident due to workflow and processing simplification 
which would result from such a measure. Ideally the whole batch should 
be palletised together for joint processing. Identical reasoning could be 
extended to split and averlapped batch sizes when batch sp litting and 
batch overlapping is adopted. Similarly. in ASP. parts making-up an AS 
may advantageously be palletised together for joint processing provided 
this is technical and physically feasible. 
4.2.2 Pallets and Tools Replication 
Processing large batches of identical parts in an FMS can be undesirable as 
discussed above. This undesirability is reinforced by two main reasons 
related with the number of manufacturing aids required. One is the high 
number of identical pallets and fixtures which might be necessary. The 
other is related to tools. i.e. cutting tools and other tools to be exchanged at 
machine spindles. The last reason leads to two problems which must be 
solved. First the number of identical tools each machine must be provided 
with may have to be very high. The second problem is related to the large 
size of tool magazines or buffers which may have to be provided. The tool 
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magazines would have to be large enough to accommodate not only the tool 
spectrum to process the appropriate part operation. i.e. a number of 
elemental operations each of which requires a single cutting tool. but also 
a considerable degree of tool replication. This replication results from the 
need for repeated processing in connection with tool life per tool. 
Moreover when machine pooling is necessary in order to increase part 
routing flexibility then the number of tools would have to be replicated 
not only in the magazine of one machine but equally replicated in other 
machines as many times as the number of machines pooled together. 
4.2.3 Strategy to Reduce the Number of Manufacturing 
Aids 
The problems mentioned above can to some extent be overcome if batch 
sizes are reduced to very low values and mixed with other batch types 
during the same production run. This would have the effect of reducing 
the number of tools required and also the number of identically fixtured 
paIJets. 
Taken to the extreme ASP. section 4.1.2. should be adopted. The main and 
basic difference relative to batch production is that in the ASP mode. the 
parts being processed together are predominantly not identical . 
As compared to batch production. in. ASP the· number of parts which can go 
into a single pallet may also be one or more. However. ideally. the whole 
set of parts for a product or assembly set should be palletised together for 
joint processing. 
In g~neral we can conclude that. since tool replication in each machine is 
likely to be small in ASP when compared to batch production. then a large 
reduction in the number of tools to run an FMS can be expected. This is 
even more likely as the degree of machine pooling increases. However. if a 
full AS is to be completely processed in each of the machines then a full set 
of tools should be provided in each machine and therefore a tool 
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replication at least identical to the number of machines in the FMS would 
be required. 
4.2.4 Strategy for Fixtured Pallet Design 
The ASP-palletising approach must take system physical constraints into 
consideration~ Difficulties may arise due to the large number of different 
tools which it may be necessary to load together into a tool magazine for 
joint processing of the variety of parts palletised together. Tool magazine 
size may therefore put a constraint on the number of different parts 
which could be put together on the same pal1et for joint processing. 
The number and type of parts which may be pal1etised together for jOint 
processing also depends upon the system physical capability for handling 
different tool types and on tool availability. Tool grouping. possibilities will 
be determined by processing capabilities of the machines. There would be 
no clear justification to group tools, to be handled in a set if it could not be 
loaded into the machine's tool magazine. 
Thus it is necessary to know: 
-the number and type of tools required by each part operation; 
-the amount and variety of part-operations which can be processed 
together; 
-the total number of tools required to process together in a single 
machine a selected set of part-operations and 
-the size of the tool magazines at each machine. 
The following conditions must be considered when determining the 
number of pallets to accommodate the part mix: 
-can the whole pan mix be clamped together on a unique fixtured 
pallet 
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-can the part-mix be partitioned to be palletised in a number of 
different pallets and 
-does each different part require a pallet 
In the first case the minimum number of identical pallets should be 
provided to fully load the FMS. This can be initially calculated by equation 
(6.14). section 6.3.2. and later tuned through computer simulation of say 
daily production runs. 
For the second situation a number of pallets can also be established. section 
6.3.2.1 The difference is that pallets arc not identical. 
When a different fixtured pallet is required for processing each part-
operation then the number of pallets is at least the same as pallet variety 
which is identical to the number of different part operations. 
The problem of determining the number of pallets and tools is addressed in 
chapters 6 and 10. In chapter 6 simple analytical calculations are 
considered and adopted in chapter 10. section 10.2.9. In section 10.12 
computer simulation is also used to determine the number of those 
manufacturing aids to guarantee high FMS performance. 
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CHAPTER 5 - ELEMENTS OF FMS MATERIAL FLOW SYSTEMS 
5.1 IN1RODUCTION 
Material Flow Systems (MFS) are integral parts of FMS's and include the 
two following main subsystems: 
-Work Flow Systems (WFS) and 
-Tool Flow Systems (TFS). 
Work Flow Systems are particularly concerned with the transport and 
handling of the workpiece through the system while Tool Flow Systems 
deal essentially with the transport and handling of tools which are 
exchanged at the machine spindles. 
Work flow and tool flow may sometimes be carried out by the same Material 
Flow System 44.35. 
There are a variety of work flow system configurations126.123.112 and tool 
flow systems configurations1l3•45 for FMS's which have been studied in 
depth and their advantages and disadvantages put forward. 
This chapter focuses attention on the building blocks of MFS and presents 
a classification and brief description of tooling system structures. 
5.2 WORK FLOW SYSTEME1..EMENTS 
Work Flow Systems may be divided in two subsystems: 
-Work Storage Systems and 
-Work Transport and Handling Systems. 
WFS components for such subsystems can be defined IS basic elements 
whose integration determines the work flow system configuration. 
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5.2.1 Elements for Work Storage Systems Design 
Figure 5.1 is a representative classification of the basic elements and 
approaches to storage and buffering. The elements shown can also be 
considered for storage of production aids such as pallets or fixtured pallets, 
fixtures and in most cases tools as well. 
When large quantities of a variety of parts or pallets are to be stored the 
typical central store to be used is the static random access cell store whose 
schematic representation is shown in figure S.l-element 1. The first FMS, 
the Molins 24 System 13 7,138, which was never completely built, had 
considered this type of store, for palletised work, laid-out vertically with 
cell access by a stacker crane. 
Frequently this static random access cell store appears in a vertical form 
although horizontal and inclined versions have also been applied90,34. In 
this case industrial robots are frequently used to access the stored element. 
If the number of part carriers or pallets in circulation is small then 
central storage can be efficiently provided by simple stands on the floor, 
figure S.l-element O. Such stands can be interfaced with part or pallets 
transport and/or handling devices of which the most frequently used are 
automated guided vehicles (AGV), carts and industrial robots (IR). A 
turning cell which incorporates an overhead robot for part and tool 
handling with local storage using static stands is shown in figure 5.2. 
Pallet storage on static stands which are accessed by a vehicle carrier, 
figure 5.3, is one widely used concept for part storage and transport in 
FMS. Advantages of this method are aspects such as high reliability and 
. random part and machine access. In this work flow configuration, part 
transportation is done in such way that a single part or set of parts can be 
clamped on a single pallet which is later loaded into a machine. 
Alternatively parts can stand loose on pallets and be loaded into the 
machine part holding device by an auxiliary automatic manipulator, as 
shown in figures 5.4 and 5.5. 
When parts in a system are low in number but are large and complex 
needing long processing times in multiple stage systems, then the part or 
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pallet vehicle carriers themselves. i.e. the transport 'track' may work as an 
in process work storage or pallet buffer. An example is the Keamey and 
Trecker FMS at Allis Chalmers 73. This solution can however be expensive 
due to the high number of vehicle carriers that might be required. 
Additionally the higher the number of vehicles the more difficult the 
control of the work flow will be. 
The mobile circulating random access vertical store. figure S.l-element 2. 
can also provide large storage capacity. However it appears that this is not 
recommended for large and heavy parts. Due to the high number of 
moving parts of the store the risk of failure is large and reliability is low 
when compared to static stores. 
In addition to central stores there is a need for localized storage areas. This 
can be achieved through buffers at machine areas and other places 
For the storage of work in process. w.i.p.. there can be many solutions. The 
use of pallet changers or two position shuttles. static stands near by work 
stations and rotating multiple pallet buffers, figure S.l elements 0, 3 and 4, 
are typical for both prismatic and rotational work carried on pallets as 
well as for sets of tools carried on pallets or tool magazines. 
If parts are small and clamping on pallets is not required then storage 
systems made of multiple pallets racks are very commonSO • Rotating part 
or pallet buffers are another possible solution, figure S.l-element 4, which 
can also be used in this case. 
Circular random access stores, figure S.l-element 9 are not so common for 
part storage and handling. When the store is static, it is functionally 
similar to the static random access cell store, figure S.l-element 1. An 
example of application of the circular store solution can be seen in the 
ROT A-12S FMS 112. When the store itself rotates it can be seen as a 
simplified version of the mobile circular random access vertical store 
referred in figure S.l-element 2. 
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5.2.2 Elements for Work Transport and Handling Systems 
Most of the known work handling and transpon solutions are direct or 
combined applications of the building blocks shown in figure S.6 
Bar feeding mechanisms are widely used for manufacture of small 
rotational workpieces. The integration in FMS of machines fed directly 
from bar feeding mechanisms is not common although some applications 
can be seen in practice3. 
Bowl feeders are essentially used to feed pans into automatic machining or 
assembly stations. They are mainly applied to the handling of small pans 
for mass production. The need for flexible assembly automation· directed 
research into flexible bowl feeders which can handle a diversity of pans. 
Flexible bowl feeders were developed at Institut filr Produktionstechnik 
und Automatisierung (IPA).Stuttgan and by Bosh9•9S . 
Gravity storage towers have applications similar to bowl feeders. They are 
however better suited to feed processing machines10S and to handling 
larger parts. 
Both storage towers and bowl feeders. when applied to FMS. have to be 
interfaced with a pan handling unit. which may be an industrial robot or 
other handling mechanism. for closing the handling cycle39 . 
Floor conveyors have been used in FMS for a long time. One of the first 
FMS built in the USA by Sundstrand at Ingersoll Rand Company. used a 
floor conveyor for transpon of palletised work to. from and between 
workstations24 . Floor conveyors are very common for both pallet and pan 
transpon. They can allow adequate flexibility for integration into an FMS 
when provided with proper pan and pallet recognition sensors and 
auxiliary transfer mechanisms at critical path interception points. Critical 
path interception points can be all passages at workstations and all points 
where a branch from the conveyor exists. A good example of use of a 
conveyor system for pan delivery at FMS workstations can be seen. at the 
SCAMP FMS92. 
Overhead conveyors have the advantage of keeping floor space 
unoccupied84.145 which allows the free movement of people on the floor 
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and complementary transport, at the floor level, by vehicles let them be 
automated or not. 
The work handling and transport devices faIling under the classification 
of traditional overhead cranes provide high flexibility but are rarely 
suitable to be used in an automated manner for FMS. The reason is that 
they arc not much adapted to automated work and usually require the 
assistance of onc or more operators. They arc basically a means of 
extending the man capacity and ability for work handling. 
Stacker cranes, figure S.6-element 5, on the contrary, are very suitable for 
FMS. They arc normally associated with static vertical random access cell 
stores, figure 5.1-element 1. They can usually access randomly any cell of 
the store. This combination of handling and storage is frequently seen as a 
FMS central store and handling of parts and pallets. 
Rotating pallet changers in addition to being work storage elements, as 
seen in previous section, can also be seen as building blocks of the 
material handling system. They are typical of many FMS systems for 
prismatic work and to a less extent for rotational work FMS's as well. They 
can exchange the part or paIlet with that on the machining place and can 
also function as a local storage area. 
as Rotating pallet buffers can be thought of f\ pallet shuttle changers of larger 
capacity. 
Floor programmable robots are industrial robots standing on the floor 
having different degrees of programmability, flexibility and capacity. 
They can be presented in many different designs and have different 
levels of versatility. The access space varies according to the type of robot 
design, but above all is dependent on the maximum allowed movement of 
the axes. Although floor robots can be mobile 13 2, they are usually fixed 
either on the floor or at a firm stand. 
Overhead robots, on the contrary are usually highly mobile in line122 0 r 
over an area67 . There is a wide variety of application cases of overhead 
robots for materials handling, not only for the handling of parts but also 
for tool handling41,67. 
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Computer controlled transport and handling vehicles are being 
increasingly used. More frequently they are floor guided through tow 
line, induction currents and radio frequencies. Such vehicles can be 
pulled by chains or the like, in which case they are normally referred to 
as carts, or be self powered and automatically guided. In this case they are 
usually referred to as Automated Guided Vehicles (AGV). Other guiding 
alternatives include the use of light sensors and colour contrast sensors. 
AGV using infrared light sources for guidance are frequently used46 ,87 
and laser guidance has also been reported36 • 
5.3 TOOL FLOW SYSTEM ELEMENTS 
5.3.1 General Aspects of Tool Flow Systems 
Tool flow in manufacturing systems in general and in FMS in particular, 
requires careful planning. 
If machines are very versatile they are able to perform a large range of 
operations during the manufacturing period conditioned however by 
those tools which a machine can access. If the access is restricted to a few 
tools, the machine might only be able to function as a special purpose 
machine and therefore, its versatility is not used during the 
manufacturing period. 
To take advantage of FMS machine versatility, short term scheduling may 
be prepared off-line . In this case a machine loading plan can be 
prepared for the manufacturing period, shift or day, where part 
processing sequence and part and tool assignment to machines can be 
established in advance of production. On the assumption that no machine 
breakdown happens during the planned manufacturing period then 
manufacturing according to the plan can be completely carried out by 
providing the machines with only the required tools. If big disturbances 
do occur during the planned manufacturing period then rescheduling the 
work is likely to be necessary. Small variances may be coped with by 
adequate on-line redisposition controlllS . 
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Tool variety reduction 
In FMS there is a predominance of mUlti-purpose machines. i.e. machines 
which are capable of performing a large number of different operations. 
due to a need for simplifying the control of tools and parts flow. 
So. there is interest in establishing efficient tool flow systems with a 
coordinated tool supply to the different work stations. This is panicularly 
relevant when tool variety and quantity can become large which 
normally means that there are both economical and organizational 
advantages in reducing the number of tools in the system. This can be 
achieved on the one hand by adopting an off-line preparation of FMS 
loading plans based on the tools available. as referred to above. and on the 
other hand through a variety of standardization and rationalization 
measures directed at tool variety reductionS2.144.4S, figure 5.7. 
Tool ayailabj!jty 
One major aspect in the selection of the tool system configuration is the 
need to improve machine readiness as it is affected by tooling. 
Consequently. there is interest in separating. as much as possible. the tool 
set-up function from the machine cycle. To achieve this. new tool system 
configurations can be applied as will be discussed below. The best 
configuration to choose is influenced by the degree of automation in 
connection with the autonomous period desired for unmanned 
manufacture and by other organizational aspects and economical reasons. 
5.3.1 Tool Storage and Replacement Configurations 
Tooling system configurations can be developed from pertinent 
combinations of basic tooling system elements. figures 5.8 and 5.9. They 
include local and central tool stores. tool magazines. tool exchangers and 
tool and magazine transpon and handling elements. namely vehicles. 
conveyors and automatic manipulators (AM) such as industrial robots (IR) 
widely used in TFS of many FMS·s. A classification of basic tooling storage 
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and replacement configurations which use the elements classified under 
figures 5.8 and 5.9 is shown in figure 5.10. 
When tools cannot be automatically accessed for tool change at the 
machine spindle. manual tool change has to be used. fig S.IO-configuration 
1. Such a solution allows some degree of flexible automation but unmanned 
working is not possible . 
. By providing the machines with an automatic tool change system. 
performed from a local and/or central tool store or magazine. different 
degrees of unmanned work are possible as indicated in figure 5.10. 
Alternatively automatic access to a central tool store can be provided. This 
solution permits a high degree of automation and. for large central stores. 
can allow long periods of unmanned work. Moreover the solution can 
provide a good level of utilization of tooling resources through a 
continuous flow of tools from and into the tool magazines of the machines. 
This configuration is likely to require constant computerized supervision 
and control of the tool requirements. tool function and tool life. A further 
advantage of this system is that it may allow a reduction in the required 
number of identical tools in the manufacturing system. However with 
centralized tool storage configurations processing interference among 
machines may result. when real time machine loading and operations 
scheduling or sequencing is used. This is due to the fact that all machines 
are sharing the same resources. in this case the same tool central store. 
Therefore. at some instants it may happen that different machines are 
"fighting" for the same tools or at least simultaneously requiring the 
service of the tool exchange mechanism for tool change. This can largely 
be avoided if off-line manufacturing loading plans are prepared in 
advance and tools arc accordingly and adequately provided. This means 
that some degree of tool duplication may be required in the store. Another 
disadvantage of this configuration is an increased risk of complete system 
stoppage due to breakdown of the tooling system. To reduce this problem. 
machines can be designed and prepared to also work standing alone and 
tools manually changed while the tooling system recovers. 
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Advantage can be taken from using centralized tool storage in single stage 
FMS·s. figure S.l1. In this case high pan routing flexibility can be 
provided even under minimum tooling requirements. This is possible 
because in such systems any machine is theoretically able to process any 
pan-operation. However. such routing flexibility is not available under 
multi stage FMS·s. i.e FMS's where pan processing usually requires the use 
of most. of the machines in the system. either for local or central tool 
storage because machines can perform only a given type of process. In 
these systems a central tool storage is panicularly justified for unmanned 
work. But in this case tool duplication is likely to be required to back-up 
tools which wear out. 
If local tool storage is used under single stage systems. unless some degree 
of tool replication is used. part routing flexibility is not available. 
Additionally. with minimum tooling. the centralized approach does not 
allow for independence of working units which in terms of reliability and 
flexibility can be considered a bad solution. 
Automatic tool replacement can be enhanced to allow tools to be replaced 
during processing. Frequently however. tool replacement is still done with 
the machine stopped. 
When tool magazines are an integral part of the machine. tool replacement 
at the machine is normally done on an tool by tool basis. figure S.IO. 
A tool replacement back up tool store can be provided which. as shown in 
the same figure. can be accessed either manually or automatically by 
means of an industrial robot or other automatic tool handling device or 
manipulator. 
A few versions of this arrangement can be found in practice. 'They are 
designed to accommodate the tools needed for pan processing and reduce 
waiting time of the machine. Typically the tools in the tool magazine are 
replaced with the tools in the back up store to cope with next part 
processing requirements37• 75. The tool buffer may function as a means of 
increasing the local tool storage size. 
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By using the exchangeable magazines approach. in a manner which is 
similar to pan replacement at machines. tool magazine replacement could 
possibly be I'erformed during processing. which means that productive 
time of machines can increase. In addition. since the tool magazine or 
buffer represents an increased capacity of the local tool storage. longer 
periods of unmanned manufacture can be achieved • 
. This multi-magazine replacement approach can be associated with two 
basic arrangements as shown in figure 5.10: 
1 - Local tool magazine store 
2 - Central tool magazine store 
In the first case the tool store is local with one or more magazines on a 
buffer which can be replaced with that being used. 
In the second case the bulk of tool magazines or pallets with tools. destined 
for more than one machine. are located in a central tool magazine store. 
They are transferred to the machine areas through mechanized or 
automated transpon equipment. A small tool buffer might be provided at 
the machine area. 
Multi-magazine replacement can be highly functional because tool 
magazines can be associated with the processing requirements of the parts 
on a pallet or pallet group. However. the solution is likely to require 
considerable investment in tool magazines. To reduce this. tool magazines 
should be simple and standardized. 
When the flow of tool magazines is "linked" to that of pan carriers or 
pallets the control of the flow of tools and pans is simplified and 
synchronized . In this case the same pans pallet carrier may also 
simultaneously carry the tool magazine for processing them. 
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CHAPrER 6 -INITIAL ASSESSMENT OF TOOLING AND PALLET REQUIREMENTS 
6.1 INTRODUCTION 
The development of an FMS requires technical, economical and 
performance analysis of the alternatives for control. machining and 
material flow systems32.127.11 O. Interrelated with these three main areas 
are the imponant manufacturing aids of tools to be used in the machine 
spindles and pan carriers Le pallets and fixtures. It is necessary to 
determine both the types and .quantities of such aids. figure 6.1 
For rotational work pallets are usually simple and pans are rarely 
clamped on them. In this case the fixturing system is usually an integral 
pan of the workstation although this may also be the case for some 
prismatic· work, figure 5.5 . 
For prismatic work. fixtures and pallet bases are frequently combined in 
what can be called a fixtured pallet onto which pans are firmly clamped 
forming a compact unit. This unit is then transponed. handled and 
positioned at workstations for processing. A classification and schematic 
representation of palletisation alternatives most commonly seen is shown 
in figure 6.2. 
Among the most imponant FMS aids are the tools to be exchanged at 
machine spindles. The central pan of this research work is the solution· 
of the tool grouping configuration problem in connection with the 
determination of the best number of tools to manufacture a given pan mix 
with the aim of achieving good FMS performance. 
In this work. the assumption is made that tools are grouped based on pan-
operation processing requirements and transponed in groups which are 
loaded into tool buffers at machining areas. This view of tooling transpon 
and replacement accounts for many tooling flow configurations found in 
practice which were classified in figure 5.10. In panicular the cases of 
magazine replacement fall within this assumption as do configurations 2. 3 
and 4 shown in that figure. 
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A solution to the tool grouping problem consists of finding groups from 
the available tools to be loaded into machines based on part processing 
requirements and routing alternatives subject to tool magazine sizes in 
such a way that good FMS system performance can be achieved. 
A methodology for the dynamic solution of this problem is approached in 
the following chapters. Here however an analytical methodology for 
initially determining the number of manufacturing aids, in particular 
tools and pallets, is given. 
6.2 NUMBER OF TOOLS TO RUN AN FMS 
6.2.1 Number of tools for an Autonomous Manufacturing 
Period 
While tool variety is primarily determined by the variety of part 
operations, the total number of tools required is dependent on the length 
of the period for which tooling autonomy is desired, figure 6.3. A tooling 
autonomy period is a length of time of manufacturing during which no 
tools are fed or removed from the FMS. 
10 this case the average number of tools required is given by: 
N' = m-Till (6.1') 
where: 
N' is the average number of tools for an autonomous tooling period 
T is length of the manufacturing planned period 
tl is the average tool life 
m is the number of machines in the FMS 
As an example, considering a manufacturing period of a 3 eight hour 
shifts, i.e. a 24 hour day work, and 10 machines in the system. For an 
average tool life of 20 minutes the number of "tool lives" required is: 
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N' = 10*(24*60/20) N' = 720 "tool lives" 
Therefore for complete tool autonomy during the 24 hour planning period 
a total of 720 tools would be necessary. 
Thus for an FMS with m machines on average each machine would use N 'Im 
tools. 
This assumes that machines are fully and constantly utilized in actual 
machining during the planned manufacturing period T and that all tools 
arc used to their full lives. If expected average machine utilization in 
actual machining is U than the required number of tools could be 
expressed as 
N' = U(moT/tI) (6.1) 
N' should be interpreted as the number of "tool life tools' which arc 
required for a manufacturing period of length T. 
6.2.2 Number of Required Tools In the System 
When tools can be fed into the FMS during the planned period, as old tools 
wear out and are removed, then a much reduced number of tools is likely to 
be required in the system at any time. 
To determine this number let us consider first that tt is the average tool 
throughput time, inside the system, until tool life ends. This time will be 
called average tool cycle time, figure 6.4. After this time a tool tip may be 
replaced and the tool reused. Alternatively, for non reusable tools, tool 
replacement is required. In either case the average number of tools in the 
system at any time is kept constant. It is in fact as if the tools were reused 
with new tool lives. A dummy usage rate per tool can therefore be 
established as a function of the manufacturing planned period T and 
average tool cycle time tlo and is given by: 
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TR = Tltt (6.2) 
where 
TR is the number of times tools are used or substituted after tool life 
ends during a manufacturing planned period. 
tt is the average tool cycle time. 
And therefore the average number of required tools in the system at any 
time is scaled down by the TR factor. i.e.: 
or 
Ft = (N'/TR) 
Ft = m(T/tJ} 
T/tt 
and therefore: 
(6.3) 
It is interesting to note from equation (6.3) that the number of tools 
required in the FMS at any time is not dependent on the length of the 
manufacturing period but dependent on tool cycle time and naturally on 
tool life and number of machines. 
Tool cycle time includes not only the time the tool is involved in 
processing but also the time the tool is delayed in the system due to 
waiting. transport. handling and set-up or preparation. 
tt can be expressed as: 
with: 
tt = tl +ts +Ic +tw (6.4) 
tl • Average tool life time 
ts - Average tool set-up time per tool cycle 
tc - Average tool transport and handling times per tool cycle 
tw - Average tool waiting time due to storage and buffering during 
manufacturing per tool cycle 
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Therefore N can be rewritten as: 
N = m (tl +Is +lc +lw) I tl (6.5) 
or 
N = m + m(ts/tO + m(tclt!) + m(tw/tl) (6.6) 
or 
N =Nm+Ns+Nc+Nw (6.6') 
where: 
Nm arc the tools used at machining. m 
Ns are the tools used at preparation and set-up. m(ts/tO 
Nc arc the tools being carried or handled. m(tc/tl) 
Nw are the tools waiting in system. m(tw ItO 
From equation (6.6) we can see that reducing tool waiting and the time of 
some activities such as transport and tool set-up can mean a reduction in 
tools required in the system. Dependent upon the amount of time this 
could be a substantial reduction. 
6.1.3 Tools Removed Before Tool Life Ends 
Equation (6.5) can be adjusted to take account of tool replacement before 
tool life ends. 
Thus if. due to technical. organizational or economical reasons resulting 
from system operation. tools are not used-up completely the number N of 
required tools in the system increases and is be given by: 
where 
N = m(Soq+ts+tc+tw) 
Soq 
S is the average proportion of used tool life. 
(6.7) 
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It is as if the average tool life had become equal to tIB = Botl . 
6.2.4 Minimum Number of Required Tools in an FMS 
The minimum average number Nmin of tools is obtained when tools do not 
wait, that is, they are 
transported or set-up. So: 
constantly used for part processing, being 
Nmin = m(tl +ts +lc) I tl (6.8) 
and for partially used tools it will be given by: 
Nmin = m(Botl +ts +tc) I Bol! (6.8') 
This assumes that tools flow continuously between machines and tool 
preparation area and therefore theoretically no tool stores are necessary. 
This situation is similar to the flow of parts in a pure· part flow line without 
intermediate storage buffers between stations. 
6.2.5 Tool Requirements Considering Tool Life Differences 
The number of required tools in the system has been determined 
considering that all tools in the system have identical values for average 
tool life and average tool throughput time. For tool life variations to be 
taken into account, we can write: 
n 
N=l. ~ m t\i+ts +lc +tw 
n ~ tli· (6.9) 
i=1 
N is the average number of required tools in the system 
tli is the average tool life of tool type i 
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n Number of different tools to be used during the planning 
period. 
6.2.6 The Effect of Tool Cycle Time Variance on the 
Minimum Number of Tools Required 
We have seen that : 
Nmin = m(tl +Is +tc) I tl (6.8) 
If time variances are to be taken into account and if the Normal 
Distribution applies to the minimum number of tools in the system. then: 
Nmin = Nmin + 2 SNmin (6.10) 
for about a 97.5 % confidence level. where SN min stands for the standard 
deviation of the Nmin variable. 
It can be shown 79 that 
SNmin • 
m 2 S h (6.11) 
2 2 Where ~ and ~ stand for the variances of th. with the normal variable 
th = ts+tc. and t\ respectively. 
When the coefficient of variance of the variables is less than 15%. (Le. 
SIll) the standard deviation SN min can be obtained from the variances of t\ 
2 2 
and th respectively ~ and ~ by18: 
6.3 
m2 S h 
2 
t 1 
67 
m 2 t 
2 h 
+ S 1 4 
t 1 
NUMBER OF PALLETS TO RUN AN FMS 
(6.11') 
The analytical methodology developed for determining the number of tools 
can easily be extended to calculate the required number of pallets or 
fixtured pallets to run an FMS. 
In fact the analysis is similar. The basic difference derives from the fact 
that pallets are practically always reusable within the manufacturing 
period while tools may not be. 
6.3.1 Number of Pallets for an Autonomous 
Manufacturing Period 
During a manufacturing period with pallet autonomy no pallets are fed 
into or removed from the FMS. 
The number of pallets necessary to manufacture a given pan mix in an 
FMS may be dependent on the length T of the manufacturing planned 
period and can be given by: 
(6.12') 
where: 
P' is the average number of required pallets 
pp is the average processing time per pallet set-up at a machine or 
workstation 
T is the length of the manufacturing planned period 
m is the number of available FMS workstations 
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If for example 
then: 
pp=25 Min 
T =24 Hour (three eight hour shifts) 
m=10 workstations 
P' = 10*(24*60/25) = 576 pallets 
If pallets could not be reused during the manufacturing period, say 
because the period was unmanned and repalletisation could not be carried 
out. then 576 pallets would be the average number of pallets necessary 
assuming that machines could be fully and constantly utilized in actual 
processing during the manufacturing period. 
If an average machine utilization U is taken into consideration then the 
average number of required of pallets will be: 
P' = U(moT/pp) (6.12) 
In general P' is the average number of pallet set-ups for processing 
carried-out during the manufacturing period. The required average 
number of pallets can be much smaller if pallet reus age can be achieved. 
6.3.2 Number or Pallets Required to Run an FMS 
In general the number of pallets required to run an FMS is determined by 
the pallet cycle time. This is the average total elapsed time from 
palletisation to repalletisation which includes palletisation time itself. 
processing. handling and positioning. transport and waiting times. figure 
6.5. This cycle time determines therefore the pallet usage rate per 
manufacturing period which is given by 
where 
PR = T/Ip (6.13) 
PR is the average number of times a pallet is used during the 
manufacturing period 
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tp - Pallet cycle time 
Thus, the number of pallets actually necessary to run an FMS is given by: 
or 
_ m(T/pp) 
P - T/tp 
and therefore 
_ motp 
P = pp 
(6.14) 
This shows that the number of pallets required can be independent of the 
length of the manufacturing planned period and determined by the 
number of available workstations, 'pallet'-operations processing time and 
pallet cycle time. 
Clearly if pa\1etisation is manually performed and unmanned working for 
long periods is required, then the pallets' cycle time can become identical 
to the length of the planned period T and therefore the number of pa\1ets 
continues to be given by expression (6.14) with tp equal to T. 
Pallet cycle time, figure 6.5, can be expressed as: 
tp = Pp + Ps + Pc + Pw (6.15) 
where: 
Pp is the average time a pa\1et is involved in processing per set-up at 
a workstation 
Psis the average time a pallet is used for part(s) palletisation per 
pallet cycle 
Pc is the average pallet transport and handling times per pallet cycle 
Pw is the average pallet waiting time due to storage and buffering 
during manufacturing per pa\1et cycle 
Therefore P can be rewritten as: 
or 
p _ m(pp + ps + pc + pw) 
pp 
(6.16) 
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or 
(6.16') 
where : 
Pm is the number of pallets used at machining. m 
Ps is the number of pallets used at preparation and set-up. m(ps /Pp) 
Pc is the number of pallets being carried or handled. m (Pc /pp) 
Pw is the number of pallets waiting or stored in the FMS system. 
m(pw/pp) 
6.3.3 Taking Account of Pallet Variety 
When pallet variety is smaller than the value given by expression (6.14) 
then pallet duplication is necessary. On the other hand if the number of 
pallet types is larger than the average number of required pallets it may 
be assumed that on average no pallet duplication is necessary. The 
adequacy or inadequacy of such an assumption is very much dependent on 
the diversity of manufacturing operations. at any instant. in the FMS and 
can be evaluated through the use of computer simulation of 
manufacturing. 
Due to variations of processing times per pallet set-up and other system 
variables it is very likely that in practice a larger number of pallets than 
equation 
the value given by 1\ (6.14) is required. The value obtained constitutes 
however a good design guide line which can be a starting value for FMS 
simulation. 
6.3.4 Minimum Number of Required Pallets 
The minimum number of required pallets Pmin is obtained when 
waiting and storage of pallets is avoided. that is. pallets are constantly 
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recirculating through the system and constantly renewing their load. 
Therefore: 
or 
_ m(pp + Ps + Pc) 
Pmin = Pp 
m(ps + Pc) Pmin = m +_...:.:..:.......:...;::;,. 
Pp 
(6.17) 
or. making Ph = Ps + Pc: 
(6.17') 
Usually there is a need for a number of pallets larger than Pmin due to two 
basic reasons: 
1 - Dynamic losses due to scheduling constraints can occur. This 
causes pallets to wait in the system before they can be loaded into 
machines 
2 - The need for some buffer work to keep machines running for 
some periods without the necessity to perform part palletising 
operations. 
6.3.5 The Effect of pallet Throughput Time Variance on 
the Minimum Number of Pallets Required 
We have seen that : 
m'Ph Pmin = m+-":"'::' Pp 
(6.17') 
If time variances are to be taken into account and assuming that the 
Normal Distribution applies to the minimum number of pallets in the 
system. then: 
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Pmin = Pmin + 2 SPmin (6.18) 
for about a 97.5 % confidence level. where SPmin stands for standard 
deviation of the Pmin variable. 
It can be shown79 that 
SPmin .. 
m2 S h m
2 p h (6.19) 
2 2 Where S h and S p stand for the variances of Ph and Pp respectively. 
When the coefficient of variance of the variables is less than 15%. (Le. 
Sill) the standard deviation. SPmin can be obtained from the variances of 
2 2 
Ph and Pp respectively S h and S p by 18: 
m2 S h 2 
+ S p 
m 2 p h 
6.4 USEFULNESS OF THE ANALYTICAL APPROACH 
(6.19') 
The previous analysis gives a first approximation of the required number 
of FMS pallets and tools. The method is analytical and does not take into 
account the dynamic operation of the system. As a consequence. it offers 
values which can only be considered as a first estimation of the number 0 f 
such FMS manufacturing aids. 
The number actually required of each FMS component is highly 
dependent on system flexibility and on dynamic variables and aspects of 
system operation which naturally, due to complexity, cannot be dealt with 
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analytically. Such dynamic aspects include operative strategies and 
sequencing priority rules which are used in the operation of FMS. 
Tool variety and also pallet and fixture variety are closely related to 
machine types used. but are above all 
processing operations variety. 
The number of these' production aids 
dictated by part variety and 
is dependent on the number of 
machines in the system and on the average cycle times. as defined in the 
previous sections. This number can also be influenced by parts and 
operations variety. 
Further. as seen before. the autonomous planning period for part 
production can also be important in establishing' the right amount of 
production aids required. 
To estimate the number of FMS components required and in particular. the 
number of pallets and tools. a study was presented in sections 6.2 and 6.3 
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CHAPTER 7 - SOME ASPEcrS OF FMS MANUFACTURING CONTROL RELATED TO 
TOOLING 
7.1 MACHlNE GROUPING AND MACHINE POOLING 
7.1.1 Intro d uction 
Machine Grouping and Machine Pooling are usually seen. according to 
Stecke l08 • as related concepts to mean that any of the machines in a group. 
said to be pooled together. can perform the same operations. 
"In panicular when it becomes time to perform a panicular operation it 
need only find one of the pooled machines free"lOS. This assumes that the 
tools for the entire set of operations assigned to a machine group are 
available when necessary. i.e. tooling resources to be exchanged at 
machine spindle are not a constraint. 
7.1.2 Machine Pooling as Tooling Dependent 
In this work a distinction is made between a machine group and a group 0 f 
pooled machines to take tooling resources into consideration. 
A machine group. MG. is defined as a group of machines similar enough to 
process the same set of operations provided they are loaded with 
appropriate tools. A MG can therefore be established before production 
starts and is essentially dependent on technical and technological 
similarity or equalness of the machines. 
A pool of machines •. PM. on the other hand. is a group of machines such 
that any machine within the group can actually be a real time pan-
routing alternative to a number of identical part operations to be 
processed simultaneously by each of the pooled machines. This simply 
means that if. at a given instant. tools for a set of identical operations are 
made available simultaneously at two or more machines. provided the 
machines are equally able to process the operations. then such machines 
are said to be pooled together. 
This situation shows that machine pooling can be both dynamic. i.e. time 
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dependent, and also static. In this latter case tool loading configuration 
does not change during the manufacturing planned period. This can be 
established before production stans. In this case the machines would be 
tooled for each production planned period as if they were pan of a rigid 
flow line in the sense that tools were not replaced during the production 
period 
Dynamic pooling results from a continuous flow of tools, during the 
manufacturing planned period, between machines and between these and 
a tool central store. In this case the machine pooling situation is not 
established before production starts; on the contrary it is a consequence of 
the control of the work through the system, i.e. of the manufacturing 
control process. This dynamic view of machine pooling is adopted in a 
simulation model of FMS's, chapter 9. 
7.1.3 Degree of Machine Pooling 
When tool distribution or allocation among machines changes then the 
machine pooling configuration may change as well. 
Different degrees of machine pooling can be established within each MO 
depending on the amount of tool replication available for each MO at a 
given instant in time. 
Partial pooling .. Partial tool replication 
We can think of panial pooling as meaning either that only a subset of all 
pan operations assigned to a MO can be simultaneously processed on the 
machines of the group or that only some of the machines in' the group are 
able to simultaneously perform the pan operations assigned to the MO or 
that only some of the part operations assigned to a MO can be 
simultaneously performed by only some of the machines of the group 
In . the first case tools for only some of the parts are replicated in the 
machines of the group. In the second situation tools to process all of the 
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part operations are simultaneously available but only at some of the 
machines of the MG. In the last case tool replication exists only at some of 
the machines and only to process some of the part operations assigned to 
.the MG. 
Total poolini - Full tool replication 
Total or full pooling is achieved when in all machines there are available 
all of the required tools to process the entire set of operations assigned to 
the MG. In this case there is full tool replication in every machine of the 
group. 
Zero pooUni-No tool dyplicatjon 
If any single operation of the set of operations assigned to a MG cannot. at 
a given instant. be performed by two or more machines then a zero 
pooling situation is met. And if. due to tooling unavailability within the 
FMS such a situation always occurs then the system works under the 
lowest tooling level. i.e.. there are not duplicate tools available to allow the 
alternative processing of an operation in two or more machines. 
7.1.4 Machine Grouping and Machine POOling Generation 
Machine Grouping is both an FMS manufacturing planning problem and 
also an FMS design problem. Also. although it is possible to establish FMS 
Machine Pooling at the planning level. it is essentially a manufacturing 
operational control problem. Le. one which is dependent on the control of 
the workflow through the system. 
Machine Grouping is a design problem in the sense that the machines' 
physical and technological configurations. which are decided at FMS 
design level. impose restrictions as to which machines can be grouped 
together. If a high degree of flexibility for part assignment to machines is 
aimed at then machines should be identical or as similar as possible. 
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At manufacturing planning level MO's may be established to satisfy the 
processing requirements of a given part mix for a given part operation 
mix to be produced in a given manufacturing period. Eventually the 
machine grouping configuration may change with part operation mix 
changes for different planned manufacturing periods. When the 
machines are identical the machine grouping configuration is 
unchangeable by nature. 
Machine pooling can be seen as a manufacturing planning problem in 
two ways. Firstly because pooling is likely to be conditioned by the 
machine grouping. Secondly because the assignment of tools to machines 
may be made before production starts and kept unchanged during 
production for the planned period. On the other hand machine pooling is a 
manufacturing operational control problem in the sense that during real 
time control of an FMS. tools may be exchanged between machines and 
also with the secondary tool store or stores. Therefore the possibility of 
machines simultaneously processing identical operations changes during 
the manufacturing period and with system state. 
7.2 MACHINE LOADING AND MANUFACTURINO CONTROL OF FMS 
7.2.1 The Innuence or Cutting Tool Resources 
The machine loading problem is traditionally dermed as the assignment of 
a given workload among the machines of a manufacturing system. In 
particular it can be seen as the "assignment of a given workload among a 
number of machine groups" whose machines within a group can perform 
the same set of operations 10~ This is considered a production planning 
problem and is therefore solved before production starts. This view of the 
loading problem assumes that the machine grouping has been performed 
and part mix selected. 
A solution to the problem of assigning the work among machine groups 
does not solve the real FMS machine loading problem, i.e., the assignment 
of the work load among individual machines. 
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It may be argued that since machines within a group can perform the 
same set of operations then on-line manufacturing control of the FMS will 
naturally solve that problem in a way which loads the next part operation 
into the machine which becomes free first108• However. this requires that 
every machine within the group is provided with identical tools or. at 
least. with the tools which can process the whole set of operations 
assigned to the MO. Thus a considerable degree of tool replication would be 
required. But in FMS's this is highly undesirable due to additional cost of 
tools. tool storage and handling. tool organizational problems including 
tool life control and tool information handling. Moreover provision for 
storage of large numbers of tools within the system would be necessary. 
Eventually. if tools to be accessed by machines were to be stored in the 
machine areas. large tool magazines would probably be required. 
7.2.2 Tool Savings 
In a group of machines. potential tool savings offered by machine 
similarity or equalness can be explored. In fact the strictly minimum 
number of tools. without tool duplication. i.e.. no duplication of tools to 
process onc or more part operations. may be acceptable to run an FMS. In 
some cases a good level of system performance may be achieved under 
such minimum tooling depending naturally on part mix processing 
requirements and on manufacturing control. This would be particularly so 
when the tools could continuously flow between the machines of the 
grnups and tool stores. in real time. according to processing requirements 
of parts. 
Tool flow can be achieved either on an individual tool basis or on a tool 
group basis. These groups can include tools to perform respectively one or 
more different part operations. It is clear that the configuration of such 
tool groups could affect system performance. Thus careful design of the 
tool grouping configuration is desirable which should obtain 
configurations which minimize the number of tools for a proposed level of 
FMS system performance. 
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In an FMS, the provision for continuous replacement or tools interchange 
among machines during manufacturing allows full advantage to be taken 
of machine similarity and versatility in order to reduce tooling 
requirements for the planned period to a minimum. In such a case, even 
under no tool duplication, part operation routing alternatives can still 
exist, i.e. a part may be processed in the machine which first becomes free 
provided no other identical part operation is already being performed in 
another machine using the required tools. 
7.2.3 Manufacturing Planning horizon 
If the overall assignment of work to MO's can be performed during 
production planning. the assignment of parts and tools to individual 
machines is most likely better carried out during manufacturing control. 
This results from the knowledge that the probability of success of planned 
manufacturing control actions is larger as the planned period becomes 
shorter. 
There are difficulties in attempting to solve the FMS machine loading 
problem before production starts. These difficulties arise from the fact 
that the work load assignment to individual machines is not only 
dependent on the machine grouping but also on the state of machines and 
tools availability at the moment part processing can start. This cannot 
easily be envisaged before production for the manufacturing planned 
period starts. i.e. at production planning. 
The FMS machine loading problem may be seen therefore as both a 
production planning and a manufacturing control one. Manufacturing 
control includes the control decisions to achieve the control of the flow of 
work and flow of tools through the system. 
This view of the machine loading problem has been adopted in this work 
and implemented in a simulation model to support the study of the 
influence that the number of tools and their possible combinations in 
groups can have on FMS performance. 
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7.2.4 The Influence of Pallets and Fixture 
At this stage it is clear that work assignment to machines based on 
machine grouping alone does not solve completely the machine loading 
problem in FMS·s. Any such assignment must have also the availability of 
manufacturing aids taken into account. This is true not only for tools. i.e. 
tools to be exchanged at machine spindles. but also for pallets and fixtures. 
Thus even under duplicated tooling simultaneous processing of identical 
parts in different machines is not possible unless duplicated fixtured 
pallets. or the like. are also available to be loaded into such machines. 
Therefore the control of the flow of work through the system must take 
tools and other manufacturing aids into consideration before actual 
loading of parts to machines can be done. 
Tools and fixtured pallets have been considered in the simulation model. 
chapter 9. as constraints on the loading of work onto machines. 
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CHAPTER 8 - STRATEGY FOR DESIGNING TOOLING CONFIGURATIONS FORFMS 
8.1 TIIE NEED FOR TOOL GROUPING 
The processing of parts in manufacturing systems in general and in FMS 
systems in particular is primarily dependent on the machines available 
and the tools to carry out the operations. It is necessary to group the tools 
to process the required part operations. Such groups may be loaded into 
the magazines of the machines. 
When deciding on loading parts onto machines it is not only necessary to 
find a machine to process the part but it is also necessary to find the 
required tools which mayor may not yet be loaded into the machine. 
Whenever machines are special purpose ones. then a particular set of tools 
is permanently associated with a machine. In this case selecting tool 
groups to process the parts is equivalent to chosing the right machine on 
which the part must be processed. 
In FMS·s. the machines are usually fairly similar and multipurpose and in 
many cases are identical. Thus tool groups are not specifically associated 
with particular machines; on the contrary. many tool groups. within 
magazine size constraints. may be interchanged between machines. This 
however does not mean that parts can be processed anywhere at any time. 
The right tools must be available at the machines at the right time. or be 
ready at a central store to be loaded. 
Usually there are a limited number of tools to run an FMS. For the sake of 
simplicity and system efficiency grouping is normally done. subject to 
magazine size constraints. to include complete sets of tools for one or more 
part-operations. 
It is necessary to determine which tools to combine together to form the 
groups to be loaded into the machine in order to achieve good levels 0 f 
system performance. This may depend on many factors among which are 
the processing requirements. the configuration of part-pallet loads. the 
number and type of available tools. the processing capabilities of the 
machines and magazine sizes. 
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If tool combination in groups can affect FMS performance so can the total 
amount of tooling available. In particular there is a need to know how FMS 
performance behaves for different levels of tooling including minimum 
tooling and maximum tool replication in every machine. There are many 
interrelationships between system elements and modes of operation which 
make it difficult to have an intuitive knowledge of this behaviour. 
8.2 TOOL GROUPING COMPLEXITY PROBLEM 
8.2.1 Introduction 
In selecting the best final tool grouping configuration for minimum 
tooling to run FMS systems to achieve planned production objectives. m any 
possible combinations of smaller tool groups. starting with a number 0 f 
basic tool sets. can be considered. 
A basic tool set is defined as a group of tools required to carry out a given 
part operation. 
When some part operations are processed together in one pallet loading at 
a machine. a tool group made up from the necessary basic tool sets can be 
formed. In the example shown below a single tool group may be defined to 
process first operations of parts 1 and 2 if these are paIletised and 
processed together. Similarly a group of tools can be defined from the 
basic tool sets to process operations 1 and 2 of part 3. 
Example: 
~ 1 2 3 Part operations 
1 CD 1 
2 V 2 
Fixtured pallets 
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8.2.2 An Analytical Method for Determination of the 
Number of Tooling Configurations 
A mathematical method for determining the number of possible tooling 
configurations has been derived by induction from the values shown in 
table 8.1 obtained from generated tooling configurations as shown in 
appendix 1. 
In general the number of possible configurations O! with n tool groups. 
containing t basic tool sets, section 8.3.1. is obtained by the following 
recurrence formula: 
nSt (8.1) 
With: ~=o aod 
Therefore the total number of possible tool grouping configurations of t 
basic tool sets is 
It cao be shown, table 8.2, that: 
t t t t-1 L On = L n 0n_1 
n=1 n=1 
t 
with 00 =0 
A graphical representation of Ot is given in figure 8.1. 
( 8.2) 
(8.3) 
n expresses the number of tool groups obtained from combining the basic 
tool sets required to process the work at the FMS. 
Whenever n is less than the number of machining centres, m. in an FMS, 
then m-n of such machines are bound to stay idle. In such a situation a set 
of 'infeasible' tool groups would be obtained. Therefore the minimum 
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number of tool groups to be configured must not be less than the number 
of available machining centres in the FMS. The set of all such possible 
tooling configurations with m or more tool groups each. say the feasible 
tooling configurations. which is a partition of Gt. equation (8.2). is given 
by: 
n=m 
Or • more generally: 
t.l t t.l Gmt = Gm•1 + L n Gn• 1 
n=m+l 
(8.4) 
(8.5) 
This formula is a generalization of formulas (8.2) and (8.3). 
In particular for a FMS with 4 machining centres the combination of 9 
basic tool sets. corresponding to an identical number of part·operations. 
gives 17866 configurations with at least 4 tool groups. table 8.2. If the 
number of basic tool sets increases by one the number of configurations is 
raised to 104747 and for another tool set the number of tool grouping 
configurations with at least 4 tool groups each are 637956. 
It can be concluded therefore that for a real FMS system complete 
enumeration of all possible tooling configurations is usually unacceptable 
for finding the best tool group formation to manufacture a given part mix 
during a planned manufacturing period. The complexity of the tool 
grouping problem suggests the need for heuristic rules to simplify the 
task of obtaining good tooling configurations for efficient FMS operation. 
8.2.3 Strategy for the Generation of Tooling 
Configurations 
FMS performance under a particular tooling configuration can be 
evaluated through computer simulation and the results of the simulation 
be used as a stepping stone. to a new configuration which may lead to 
improved performance. 
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An iterative method can be envisaged which requires the joint utilization 
of both a simulation model and some form of heuristic decision method 
which. based on the results of the simulation. can help to generate 
configurations. In particular a set of heuristic rules for 
configurations design can be established. 
tooling 
tooling 
A study of the performance of the heuristic rules for the tool combination 
process. developed in section 8.4. is reported in chapter 10. 
8.3 BASIC TOOL SETS AND GROUPS 
8.3.1 Basic Tool Sets • BTS 
As a first step a number of basic tool sets can be dermed from all available 
tools. The criteria used for defining the basic tool sets are based on the 
tools required by each different part operation of the part-mix to be 
processed within the FMS. 
At an absolute minimum. a single tool may constitute a basic tool set. More 
frequently however a few tools will be required to carry out each different 
part operation in one set-up. Therefore at this tooling combination level a 
tooling configuration is defined by grouping individual tools into basic 
tool sets (BTS). 
8.3.2 Basic Tool Groups - BTG 
It is logical and advantageous from the point of view of FMS performance 
and simplification of manufacturing control to avoid un ne c e s s ary 
movement of parts or pallets during part processing. Normally it is good 
policy to process as many different part operations in a machine. in one 
single set-up. as possible1 07 .83 . This implies that pallets may carry a 
number of parts. identical or not. whose operations can be processed 
jointly in one pallet load at a machine. As a consequence the tools required 
to process the operations of the parts on a pallet in a single set-up at a 
machine. can be grouped forming what will be called a basic tool group. 
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The minimum number of basic tool groups necessary for processing a given 
part mix will be termed the Basic Tooling Configuration (BTC). 
8.4 HEmU~CR~FORTOOLGRoupmo 
8.4.1 Introduction 
Tool combination in BTS's and BTO's are logical steps in the tool 
combination process which leads to the Basic Tooling Configuration. 
Heuristic tool combination can be applied to BTG's and possibly to BTS's for 
generating a variety of tooling configurations. During this process some 
tool duplication may be necessary when this can be proved advantageous. 
In looking for a good strategy for tooling configuration design a variety of 
strategies were initially considered. These were based on the a priori belief 
that they could be effective in leading to tooling configurations under 
which FMS performance would improve. This is primarily measured as the 
combined objectives of high machine utilization and high assembly sets 
output per manufacturing period. 
Examples of such strategies for tool grouping arc to combine tool groups 
whose utilization is low and duplicate those which arc highly utilized. A 
number of possible means of grouping were examined and some discarded 
owing to poor performance 
One aspect which influences tool combination or tool grouping is the 
machine grouping configuration. A machine group is a partition of all 
available machines such that any of the machines in a particular group is 
able to perform the same subset of operations of the operation-mix. 
provided the necessary tools are loaded in each machine of the group. Two 
or more machines are said to be pooled together if they belong to the same 
machine group and are simultaneously provided with identical tools. 
When machines are identical or similar enough to perform the same part-
operations they arc all grouped together. 
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An arrangement of 
completely process 
Configuration (TC). 
all available tools 
the operation-mix 
in replaceable tool groups to 
has been called the Tooling 
The tools which are necessary to process the part-operations associated 
only with a specific machine group. can therefore be allocated only to the 
machines within that group. These tools constitute a partition of a set of 
tool groups formed to process the part-operations mix. i.e. of a tooling 
configuration. Such a partition is called a Subtooling Configuration (STC). 
A tooling configuration therefore embraces its subtooling configurations. 
One of the objectives of this work is to find ways of generating tooling 
configurations. i.e. the generation of all their subtooling configurations 
for high FMS perform~ce. 
8.4.2 General Tool Combination Heuristic Criteria 
The tool combination heuristic rules have both.: 
-general. common criteria and also 
-specific criteria. 
Specific criteria are referred in the next sections. for each rule in turn. 
The general and common heuristic criteria are: 
1 - The tool group combination process ends when the 
minimum number. Gmin. of tool groups allowed in a tooling 
configuration is reached. This minimum number is given 
by: 
where: 
g 
Gmin = :E nkmin 
k=l 
g - is the number of FMS machine groups 
(8.6) 
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nk I'S the ml'nimum min - number of acceptable tool 
groups in the STC 
but nkmin = mk with mk 
machines in the machine group 
being the number of 
k 
2 Tool grouping starts with the basic tool i n g 
configuration, BTC, section 8.3.2, by combining iteratively 
and successively pairs of tool groups. As a result of each 
iteration a new tooling configuration is generated. 
3 - Tool groups containing identical basic tool groups, BTG, 
must not be combined. 
This is necessary to avoid forming tool groups with 
duplicated tools. 
4 - The selected pair of tool groups to be combined must 
belong to the same subtooling configuration, STC. 
5 - Tool groups whose utilization is larger than or near! to 
1,0 are not combined with any other tool group. 
Tool group utilization is defined as the proportion of the 
manufacturing time period during which the tool group is 
involved in machining parts. 
8.4.3 
8.4.3.1 
Heuristic Rules Specific Tool Group Combination 
Criteria 
RULE A - Least Utilized Tool Groups Rule 
Main Criteria; 
"The two least utilized tool groups are combined together". 
a In the experimenlal work a value as high as .92 is considered lbe maximum afler 
which tool combination is not allowed. 
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Complementary Criteria 
The main criteria is applied subject to: 
lA - The combination of two tool groups which can both perform first 
operations on parts should be avoided when this results in a tooling 
configuration with a number. Pk. oC tool groups Cor first operations on 
parts less than the number. mk. of available machines in the machine 
group. 
The motivation for this criteria is to avoid parts with unprocessed first 
operations be queueing in Cront oC a machine. where the required tool 
group is loaded. leaving other machines idle. 
Thus if 
-TGUi • TGUj and TGUk are the utilizations oC tool groups. 
-TGi is the least utilized tool group. 
-TGj is the next least utilized tool group. When TGi contains tools to 
process first operations then TGj is the next least utilized tool group 
which does not process first operations on parts and 
-TGk is the next least utilized tool group which can perform first 
operations on parts when TGi can too. 
Then iC Crom combining TGi with the next least utilized tool group resulted 
to be Pk<mk then attempts should be made to find TGj such that: 
TGUi+ TGUj S 1 
When this condition is not satisfied then the following condition should be 
checked: 
(TGUi+TGUj) S «TGUi+TGUk)+O.l) 
If either the first or the second conditions are true then the combination 
of tool groups TGi and TGj must be performed. Otherwise the least utilized 
tool group TGi is combined with the next least utilized one TGk. irrespective 
of this being Cor first operations. 
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These conditions are aimed at combining two tool groups at least one 0 f 
which. TGj. is not concerned with first operations. However if the sum of 
their utilizations is larger than . 1 and also 0.1 larger than the sum 0 f 
utilizations of the two least utilized tool groups for first operations. namely 
TGi and TGk. even for values of this sum larger than 1. than TGi and TGj. 
can be seen as having too a high sum of utilizations to be combined and 
therefore TGi should be combined with TGk instead. 
In the second equation 0.1 was chosen because it appears to be a 
reasonable trade off value which avoids combining tool groups which 
have high sums of utilizations. 
The flow diagram of figure 8.2 shows the tool group combination process 
under heuristic rule A. The process also takes into account the general 
heuristic criteria referreii· in section.8.4.2 
8.4.3.2 RULE B • Lowest to Highest Parts Ratio.WPR. Rule 
This rule is based on the concept of parts ratio. WPR. which is defined as: 
Number of finished parts of type i 
WPRi= 
Number of required parts of type i per Assembly Set 
where: 
WPRi • is the parts ratio of part type i 
Main Combination Criterja; 
"The lowest WPR tool group. Le the tool group used to process parts with 
the lowest WPR. is combined with the highest WPR tool group" 
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Complementary and tie break criteria: 
IB • The combination of two tool groups which can both perform first 
operations on parts should be avoided when this results in a tooling 
configuration with a number. Pk. of tool groups for first operations on 
parts less than the number. mk. of available machines in the machine 
group. 
Thus if 
• TGUi • TGUj and TGUk are the utilizations of tool groups. 
• TGi is the lowest WPR tool group. 
• TGj is the highest WPR tool group. When TGi contains tools to process 
first operations then TGj is the highest WPR tool group which does 
not process first operations on parts and 
·TGk is the highest WPR tool group which can perform first 
operations on parts when TGi can too. 
Then if from combining TGi with the highest WPR tool group resulted to be 
Pk<mk then attempts should be made to find TGj such that 
TGUi+TGUj ~ 1 
When this condition is not satisfied then the following condition should be 
checked: 
(TGUi+TGUj) ~ «TGUi+TGUk)+O.I) 
If either the first or the second conditions are true then combination of 
tool groups TGi and TGj must be performed. Otherwise the lowest WPR tool 
group TGi is combined with the highest WPR one. irrespective of this 
being for first operations. 
2B • When a tool group can be used for processing both lowest and other 
parts ratio parts it should be selected first as: 
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a)-the lowest WPR tool group only if no other tool group for 
identically low WPR parts alone is available. or 
b)-the highest WPR tool group when no other tool group exists which 
can process only pans with WPR larger than the pans with the 
lowest value of WPR. 
Example: 
Tool Groups (TG) 
Part types 
Part types 
WPR 
I 
S 
I 
I 
2 
7 
2 3 4 S 6 
I 2,3,4 2.3.4 3,4 -
3 
4 
4 
4 
S 
8 
6 
8 
The analysis of the values of the two tables shows that: 
-TGS and TG7 are the lowest WPR tool groups and 
-TGI and TG2 are the highest WPR tool groups. 
7 8 
3.4 S to 9 
7 
4 
8 
4 
9 
8 
Thus. although tool group TG8 is used for processing both lowest and other 
WPR pans it is not chosen as the lowest WPR tool group because there are 
tool groups, i.e. TGS and TG7, for identically low WPR pans alone. One of 
these will be chosen as the lowest WPR tool group. On the other hand. since 
there are tool groups i.e. TGl and TG2 for processing only pans with WPR 
larger then the lowest WPR pans processed with TG8 • this tool group 
cannot be chosen as the highest WPR tool group in spite of some of the 
pans processed by it having the highest WPR. The choice will be therefore 
between TG I and TG2 on the basis of the remaining rule criteria. 
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38 a)-For the same lowest parts ratio the tool group for processing parts 
required in the highest quantity in the assembly set. AS. is chosen 
first as the lowest WPR tool group. 
b)-For the same highest WPR the tool group for processing parts 
required in the highest quantity in the AS is chosen last as the 
highest WPR tool group. 
Example: 
TO 
Part type 
Part type 
WPR 
Qty/AS 
1 
1 
1 
4 
2 
2 
1 
2 
4 
1 
3 
2 
3 
6 
2 
4 
2 
4 
6 
1 
Based on a) TG 1 or TG2 can be chosen first. 
Based on b) TG5 or TG6 or TG7 is chosen last. 
5 
3.4 
5 
6 
1 
... 
6 
3,4 
6 
6 
1 
7 8 
3.4 5 to 9 
7 
6 
1 
8 
6 
1 
9 
6 
1 
48 - When more than one tool group can be combined with another. based 
on WPR. then the tie should be broken by chasing the lowest utilized tool 
group first. 
58 - When the sum of utilizations of two tool groups to be combined is 
larger than 1.05 then a new tool group should be selected able to process 
the next highest WPR parts such that the sum of its utilization with the 
first tool group chosen does not exceed 1.05. When this is not possible. the 
tool group is selected which produces the lowest value of combined 
utilizations. This should however take criteria IB into account. 
This is to avoid highly utilized tool groups being combined. If highly 
utilized tool groups were combined this would possibly prevent a part with 
a low WPR ratio from improving its value. 
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The 1.05 value is thought to be a good heuristic value. This value aims to 
minimize tool set-up. by enabling the combined tool groups to remain 
operational during one complete manufacturing period. Thus a value 
slightly in excess of 1 viz 1.05 was selected. 
The flow diagram of figure 8.3 shows the tool group combination process 
under heuristic rule B. The process also takes into account the general 
heuristic criteria referred to in section 8.4.2. 
8.4.3.3 RULE C - Highest to Highest WPR Rule 
Main Combination Criteria 
"The two highest WPR tool groups are combined together". 
Complementary and tie Break Criteria 
IC - The combination of two tool groups which can. both perform first 
operations on parts should be avoided when this results in a tooling 
configuration with a number. Pk. of tool groups for first operations on 
parts less than the number. mk. of available machines in the machine 
group. 
Thus if 
-TGUi • TGUj and TGUk are the utilizations of tool groups. 
-TGi is the highest WPR tool grouP. 
-TGj is the next highest WPR tool group. When TGi contains tools to 
process first operations then TGj is the next highest WPR tool group 
which does not process first operations on parts and 
-TGk is the highest WPR tool group which can perform first 
operations on parts when TGi can too. 
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Then if from combining TGi with the next highest WPR tool group resulted 
to be PJc< m k then attempts should be made to find TGj such that 
If TGUi+TGUj S 1 
When this condition is not satisfied then the following condition should be 
checked: 
(TGUi+TGUj) S «TGUi+TGUk)+O.l) 
If either the first or the second conditions are true then the combination 
of tool groups TGi and TGj must be performed. Otherwise the highest WPR 
tool group TGi is combined with the next highest WPR tool group, TGk, 
irrespective of this being for first operations. 
2e - A tool group which can process both highest WPR parts, say parts Pa, 
and other parts, say parts Pb, should only be selected as the highest WPR 
tool group when no other tool group exists which can process only parts 
whose WPR is larger than the WPR of 
Example: 
10 
Part types 
Part type 
case 1 WPR 
case 2 WPR 
case 3 WPR 
1 
1 
1 
4 
4 
4 
2 
1 
2 
7 
4 
4 
The highest WPR tool group is: 
case 1: TG3 or TG4 
case 2: TG8 
3 
2 
3 
7 
5 
7 
4 
2 
4 
6 
5 
6 
any part from Pb. 
5 6 7 8 
3,4 3,4 3,4 5t09 
5 6 7 8 
8 8 5 5 
8 8 5 5 
8 8 5 5 
. 
9 
8 
8 
8 
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case 3: TG5 or TG6 or TG7 
For case 1. although TG8 processes pans with the highest WPR. WPR=8. it 
also processes pans with WPR=5 which is less then the WPR of parts type 2 
processed by TG3 or TG4. Since these tool groups process only pans type 2 
one of these TG's must be chosen as the highest WPR tool group 
Case 2 only a tool group can be chosen as the highest WPR one, i.e. TG8 
Case 3 is somewhat similar to case 1. 
3C - For the same highest WPR the tool group to process pans required in 
the highest quantities in the assembly sets is considered to have the least 
priority to be chosen. 
4C - When more than one tool group can be chosen to be combined with 
the first one selected then the tie should be broken by ch,*ing the least 
utilized tool group first. 
5C - When the sum of utilizations of two tool groups to be combined is 
larger than 1.05 then a new tool group should be selected able to process 
the next highest WPR pans and such that the sum of its utilization with the 
first tool group chosen does not exceed 1.05. When such a tool group is not 
obtainable. then the tool group whose sum of utilization with the first 
chosen one is minimum is chosen. This should however have criteria 1 C 
into account. 
The process also takes into account the general heuristic criteria referred 
in section 8.4.2 
8.4.3.4 RULE D - Ungrouping-Regrouping Rule 
A decombination eventually followed by a recombination of tool groups, 
towards finding better tooling configurations, may take place 
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preferentially at the last stages of a tool group combination process 
performed by any of the three previous heuristic rules. 
The three previous heuristic rules follow a sequential grouping process 
which ends when Gmin. section 8.4.2. is achieved. Thus if G is the number 
of basic tool groups available. section 8.4.2. then: 
n = G·Gmin 
iterations are necessary until the tooling configurations generation 
process ends. 
With this new rule a total number of iterations larger than n may be 
required. This is because there is an additional number of combinations 
due to the decombination and recombination process. 
Main Combination Criteria 
A tool group may be selected for ungrouping when: 
"The tool group has both the lowest WPR and highb utilization". 
Complementary Criteria to Main Criteria 
ID • When more than onc tool group obeys the main criteria then that 
containing the basic tool group whose utilization under the basic tooling 
configuration is lowest is selected first. 
2D • From all the basic tool groups belonging to the tool group to be 
decombined. that whose utilization under the basic tooling configuration is 
lowest is removed and: 
a) . recombined with the least utilized tool group from the remaining 
tool groups in the configuration or. 
b 0.8 is the minimum value adopted in the experimental work 
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b) kept standing alone, forming itself a new tool group whenever its 
utilization, under the basic tooling configuration, added to that of the 
least utilized tool group in the configuration is larger than 1.05. 
3D - Provided that the sum of tool group utilizations is less than 1.05 all 
basic tool groups, taken by decreasing order of their utilization, of the tool 
group submitted to ungrouping may be combined, one at a time, with the 
least utilized tool group of the configuration. Of the new tooling 
configurations which will be generated, the best performing one should 
then be selected. 
8.4.3.5 RULE E - Tool Duplication Heuristic Rule 
Main Criteria 
Whenever a tool group is highly utilizedc and the WPR of some or all the 
part types processed by it is the smallest. then a one at a time duplication of 
basic tool groups belonging to the tool group, and destined to process the 
lowest WPR parts should be adopted 
Complementary Criteria 
lE - Only the basic tool sets for the parts with the lowest WPR may be 
duplicated forming a new tool group which can be combined with other 
groups formed using the previously mentioned heuristic tool combination 
rules. 
2E - The first basic tool group to be considered for duplication is that which 
is most utilized in the basic tooling configuration. 
c 0.8 is the minimum value adopted in the experimental work 
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CHAPTER 9 - MODEL DESCRIPI'ION 
9.1 INITIAL MODELLING ASPECTS 
The original modelling aim was to build a generalized but detailed data 
driven FMS simulation model which would encompass the possibility of 
studying the influence on FMS's performance of a variety of tool flow 
system and tool management aspects in conjunction with work flow 
systems. Tools pallets and fixtures were to be seen as resource constraints 
to pan processing. The model should be able to study the performance of a 
variety of FMS configurations in conjunction with many operating control 
policies at different levels of FMS control. 
This objective was aimed at reducing the need for developing new models 
whenever design and principally operation of new or existing FMS's were 
to be studied. 
Pan way through the research it was found that the restrictions of the 
simulation language used. ECSL22. prevented the development of such a 
generalized model. The problem was only detected after a considerable 
amount of work had been done and much time spent in developing an 
initial version of the model which was then to be enhanced to deal with all 
the aspects detailed above. The required enhancements to the basic mod e I 
were found to exceed the limitations on indentation and data storage which 
were found to be inherent in the language. section 9.3.2. 
The problems were initially unforeseen due to the lack of information in 
published material on the limitations of ECSL and their implications on 
modelling complex and detailed systems requiring the handling of large 
amounts of data. 
Despite promises by the ECSL supplier to provide the necessary language 
enhancements these were not supplied. It was then realized that it would 
be impossible to deal with the initial modelling objectives and that an 
alternative strategy should be adopted. This should maintain the main aim 
of combining modelling of tooling and work flow systems. A possibility was 
to use a suitable alternative language. Another was to simplify modelling 
without losing much of the generality and detail desired but using ECSL. 
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This would have the advantage of saving a large part of the work already 
done. The alternatives were discussed and the latter believed to be feasible 
and advantageous. This called for a new approach to FMS tooling modelling 
which essentially centred on removing the treatment of individual tools. 
Instead the tooling system was modelled only on a tool set and tool group 
basis, section 8.3. This reduced the complexity of activity tests22 and also, 
enormously, the amount of computer storage required. Problems still arose 
later but model refinement allowed a working model to be constructed. 
9.2 MODEL APPUCATlON AREAS AND OBJECTIVES 
The computer simulation model has been set-up to explore the 
relationships between FMS configurations, parts loading and tooling 
requirements. Initially it was based on the NGL-Crewkerne139 system but 
was developed to provide the essential elements in most FMS. 
Particular emphasis is given to modelling tooling and fixturing aspects of 
FMS with the main aim of using the model as an aid to find the minimum 
tooling and pallet requirements for effective FMS operation. 
The model can easily allow alternative systems to be investigated. 
Alternative systems can be configured by data input changes of 
fundamental parameters. It provides system designers and managers with 
a tool for assessing design as well as operating aspects of FMS. 
Considerable detail involving complex relationships between system 
elements has been built into the model. The intention of this detail is to 
reproduce as accurately as possible the real operating tasks to be carried 
out within the system. 
There are important interactions between FMS variables. These can 
include the number of buffers and pallets, number of tools and degree of 
tool replication, processing priorities and loading strategies such as degree 
of allowable machine pooling. The model is set-up to allow the study of 
many of such interactions. 
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By selective change of the levels of the input variables and study of the 
resulting model output. particular aspects of FMS system behaviour can be 
investigated. the suitability of system configurations for certain part 
mixes can be tested and different operating strategies can be evaluated. 
9.3 
9.3.1 
SIMULATION LANGUAGE-CHARACTERISTICS AND LIMITATIONS 
General Aspects 
EeSL (Electronic Control and Simulation Language) is the discrete 
computer simulation language used in this work. 
The adoption of ECSL for developing the FMS simulation model was dictated 
firstly by availability. This was in fact in practical terms the only 
available discrete computer simulation language at Loughborough 
University at the time the research work started. There were some 
simulation subroutines and the possibility of accessing other simulation 
languages in other outside research centres through a national computer 
communication network but this was thought logistically not preferable 
when compared with the installed language EeSL. 
The language was also chosen because of its facilities22 for recording and 
output of results. data analysis. aids to program development and to 
simulation experiments. error discovery and testing, display facilities and 
above all due to its English like statements making for ease of 
understanding. This makes it user friendly and can be seen also as a 
further advantage during model development. Moreover the resulting 
model can be understood easily or at least an understanding of the model 
workings can be obtained. after a brief study or explanation. even by 
people who may have only a limited knowledge of the digital simulation 
technique as might be the case of some manufacturing managers. 
ECSL is a Fortran based simulation language. with an activity structure22• 
self contained and closed. It is closed in the sense that it requires the user 
to develop the models using only EeSL statements. i.e .• no FORTRAN or other 
language code or subroutines can be added into the model. This can be seen 
as a disadvantage of the language. It is self contained due to the available 
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range of facilities mentioned above which are necessary for complete 
model development. analysis and testing. 
This last aspect can be achieved through a critical examination of the 
results but more panicularly through a trace showing the changes. 
during successive simulated events. of all or some selected variables. 
which can be obtained automatically. This trace feature is a model 
development aid offered by ECSL which is indispensable through the 
development phases and also at initial stages of modelling. 
9.3.2 Main Limiting Aspects 
Display facilities 
Although present microcomputer versions of the language have display 
facilities successfully implemented. the version used on mini or 
mainframe computers and installed on a Prime 700 at the Loughborough 
University Computer Centre. LUCC has never been enhanced to allow 
successful computer runs with displays of the simulation process. 
Pmuam size and data stOtal:c 
One of the language's main limiting aspects is the size of computer models 
that can be developed and. as imponantly. the amount of data which the 
simulation can deal with.It has been found that models with more than 
2500 statements are likely to be difficult. if not impossible. to run. 
In the 32k ECSL version. which is its maximum possible size as 
implemented at LUCC. about only 16K words of information can be stored 
and handled. This restriction creates some difficulties in con figuring as a 
large variety of FMS's and pan spectrum configurations as it might be 
desired in the FMS model development. Moreover it is very unlikely that 
entity classes larger than 200 can be modelled. 
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Indentation steps 
Another restriction is what in the language is known as the number of 
indentation steps. These are limited to a maximum of five. 
Usually the indentation steps are necessary at the beginning of an activity 
during the testing of the condition for an activity to succeed. This may 
involve testing a large number of decisions and a large variety of entities, 
which tend to increase further as the modelling detail of real systems 
increases. Such complex test decision processes may require more than the 
available five steps of indentation. When this happens and cannot be 
overcome by intelligent and simplified programming then ECSL cannot be 
used for such simulation work. 
9.4 SYSTEM OVERVIEW 
FMS systems are configured through input parameters and other input 
data to the model. Typical systems that can be studied with the model are 
shown in figure 9.4.133,146 
9.4.1 System Physical Entities 
The main physical entities for system configuration are: 
-Workp ieces 
-Pallets and fixtures 
-Tool sets 
-Tool groups 
-Machines 
-Transport devices 
-System operators 
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WQrkpjece Spectrum 
It is assumed that physical and geometrical characteristics of the parts or 
their technical suitability are appropriate for the system. These 
characteristics are considered to have been analysed at a previous stage of 
system design and at process planning. The model can however be useful 
in aiding the selection of appropriate part mixes . 
The number of individual parts simultaneously in process at any time is 
limited to 200. This is not a model constraint but simply imposed by data 
manipulation limitations of the language used. This figure however covers 
many real part production situations in FMS48. 
Specification of workpieces requires the following information: 
-workpiece type 
-number of part operations per each workpiece 
-tools to process each part operation 
-machines able to process each part operation 
-processing time per part operation on each of the machines 
-pallet type required 
-location of workpiece on the pallet if any in particular 
A part operation is understood as a processing operation which requires a 
set of tools and an associated Ne part program. 
On the basis of workpiece data and machine data input both FMS for 
rotational and prismatic work can be evaluated through the model. The 
main aspect which distinguishes the treatment of the two types of part 
spectrum is the nature of pallet configuration. Rotational parts call for 
fairly identical and simple paIlet bases while prismatic ones usualIy 
require a diversity of complex fixtured pallet types which frequently are 
unique for each different part operation or set of part operations. 
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Pallets and Fixtures 
The model does not distinguish between pallets and fixtures. When fixtures 
have to be used to clamp or hold parts in place on pallets then fixtured 
pallets are considered. In this case a detailed description of the functional 
characteristics of the fixtured pallet is required. This description must 
include the type and number of part holding positions on the fixtured 
pallet as well as a clear specification of which part operations are carried 
out at which holding positions. 
Pallets can be routed to any machine as long as this has been specified by 
data input. 
Pallets can be single, multiple or combined purpose, chapter 6, figure 6.2. 
Reclamping on the same pallet is a feature of some FMS·s. e.g at the 
. . 
Normalair Garret FMS139 (NGL-FMS). and this aspect has also been 
modelled. 
A schematic representation of some typical pallets and palletising cycles is 
given in figure 9.4.2. 
Tool sets 
Tool sets are referred to as sets of cutting tools. or other processing tools 
such as automatic measuring probes or touching probes, which are 
required to perform single part operations. Fixtures and related 
manufacturing aids are not included in the so called tool sets. 
The modelling approach used for the tooling system of an FMS is based on 
tool sets. A tool set is used to carry out a : part operation consisting of 
a number of elemental operations each one requiring the use of a single 
tool or probe which can be exchanged at the machine spindle. 
There is the possibility of defining a one to one or a one to many 
relationship between tool sets and part operations. This simply means that 
the same tool set may process different operations. If more than one tool 
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set of the same type are loaded into more than one machine then 
simultaneous alternative pan routing is available. 
Tool groups 
Tool sets may be combined together to form tool groups which constitute 
magazine loads. However the size of tool groups must not be larger than 
the magazine size. 
Such groupings may be capable of processing a restricted number of 
different pallet loads and would be loaded into the magazine prior to the 
delivery of the first pallet load. 
Alternatively tool groups, i.e. basic tool groups, may be associated with the 
processing of specific pallet loads. In this case, when pallets move to 
machines the appropriate . tools move with them. This loading strategy has 
been used by some FMS's, from which a British Aerospace FMS3S and the 
NGL-FMS139 are examples. 
Machjnes 
FMS's usually integrate a number of fairly similar and versatile 
machining centres. MC. These have been referred to as multipurpose 
machines. section 2.1.5. The model is configured to accept the definition of 
not only such machines but also other more limited purpose machines. 
Machine configuration is defined through machine data. This includes: 
-type of machine 
-tool magazine size 
-number of pallet buffers and 
-types of tools which can be used by each machine. 
These characteristics allow the definition of single. limited and multiple 
purpose machines, section 2.1.5. Therefore multiple stage, single stage or 
combined stage FMS83 can be configured by the model. Moreover FMS's for 
both rotational and prismatic work can be configured. 
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Typical machining stations which can be configured result from the 
combination of a range of part-pallet loading arrangements and local 
tooling approaches are shown in figure 9.4.3 
Auxiliary equipment such as automatic washing or inspection stations can 
also be defined. 
Transport system 
Simple transport systems where delays due~ congestion do not occur can be 
configured with the model. 
Transport carriers may have one or two carrying positions. Examples of 
transport or handling devices that can be modelled are: 
-Automated guided vehicles 
-Industrial robots: 
-overhead or 
-standing on floor 
-Rail carts 
-Gantry type devices 
The model is less suitable for systems with complex material flow networks. 
FMS's with such transport systems can be configured within the model as 
long as the transport system itself is not . the main object of analysis and 
the sequencing constraints within it can be relaxed. In this case the 
results of the simulation are likely to be approximate and their use can 
only be adequate for a first step analysis of design aspects not highly 
dependent on transport system. Such aspects might include the 
determination of an adequate set of machines and tools suitable for the 
manufacturing of a given part-demand spectrum including estimates of 
the necessary number of buffer places at the working stations. 
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Operators 
In FMS's operators are mostly used for palletisation work and tool 
preparation. They are also usually allocated to tool transport eventually 
followed by tool replacement. 
The model allows operators to be allocated to palletisation. tool transport 
and tool replacement whenever necessary. Any of the operators is 
supposed to be capable of performing any of these functions. 
9.4.2 Operating Characteristics 
Part production mOdes 
The model considers workpieces to be produced either individually. in sets 
of identical parts or batches. or in sets of a mix of part types. i.e. AS, section 
4.1.2. 
A pallet can be designated to be able to accommodate all or some parts of a 
complete assembly set to allow them to be processed together as with the 
NGL-FMS139. 
Parts are treated individually and each part has its own identity. This 
happens both in individual part production and AS production. 
A more detailed discussion of aspects of set assembly production is given in 
chapter 4. 
Part routing flexibility 
Two basic forms of part routing can be considered: 
1 - Single part route 
2 - Alternative part route 
In alternative part routing the same part can be processed following 
different routes. This implies that at some stage the option for two or more 
machines to perform a particular part operation is available 
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Workstatjon breakdowns 
This feature is not included in the model. Onc of the reasons for the 
exclusion of this aspect is that the model is designed to analyse FMS 
operation for short operating periods of a few working shifts only during 
which it is assumed no workstation breaks down. 
Machine loadjng constraints 
Machining with preemption is not allowed. i.e. once machining starts on a 
part it has to be completed before a new part starts processing on the same 
machine. 
Parts can be assigned simultaneously to more than one machine before 
they are actually loaded into a machine. In general they are assigned to all 
machines in a pooled machine group. section 9.5.4. However when a pallet 
is loaded into a machine or machine buffer for part operation processing. 
any other assignment of the same part operation to other machines is 
dropped. This is because pallets with parts loaded into machine buffers 
only leave the machine after processing has been carried out. This 
assumption is realistic since FMS machining stations frequently have a 
single pallet buffer place or none. A large number of pallet buffer spaces 
is typical of unmanned machining stations and. even in this case. once 
pallet loading is performed it is unlikely that unloading takes place before 
processing finishes. 
Shift based wOlkjn~ 
A feature of the simulation model is the shift based working possibility. 
With this the simulation period can be divided in shifts. At a shift change 
there may be a need to update shift related recording and controlling 
variables. 
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9.5 MODELLING FEATURES 
9.S.1 Dispatching the work into the FMS 
The arrival of work into the system is dependent on the following 
variables: 
Main Variables: 
-The job orders plan for the planned production period 
-System workload level 
Optional variables: 
-lob priority 
-Batch or AS type ratio requirements in the production mix 
The job order plan is an input to the model. This plan is assumed to have 
been prepared by the Production Planning Department. and includes 
detailed information about the orders to be processed during a short time 
period of one or a few shifts or days. Batches. parts or assembly sets can 
then be released. 
Information about the jobs to release includes the number of batches or 
AS·s. their sizes and types and eventually the value of a job releasing 
priority parameter. When this parameter is not used then the First Come 
First Served. FCFS. scheduling rule is used. i.e. the first job in the job order 
plan is released first into the system. 
The job releasing priority parameter has a value which is either external 
and defined by management or dependent on batch or AS intrinsic data 
such as batch size and total batch processing time and is therefore static. 
i.e. not dependent on system state conditions. 
Part loading and part sequencing after job release can have both static and 
also dynamic priorities. i.e. priorities dependent upon system state 
variables. 
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A simple job releasing mechanism is used based on the releasing priority 
parameter and on the system workload level. When the load falls below a 
given value a new job is released into the system. 
The model allows the definition of a number of identical assembly sets or 
identical batches to be manufactured with the same priority in a given 
production planning period. This feature is used in the experimental work 
to study the influence of the number of assembly sets to be released 
together in connection with different levels of tools and pallets for 
different processing priority rules. 
The other available option mentioned earlier is to control the release of 
jobs based on batch or AS ratio requirements of the loaded work mix. This 
ratio endeavours to ensure that. on average. a given mix of batches or 
. assembly sets is kept in tjle system. This ratio is in fact the only dynamic 
control parameter for job release. 
9.5.% Palletlsation Features Modelled 
In general pallets can be configured for one or any number of identical or 
different parts to be processed in one pan-pallet set-up and completed in 
one or more machine set-ups . 
Pans palletisation is done on a pan priority basis which the user can 
specify. section 9.7.2. Frequently the priority is dynamic defined by a 
parameter up-dated at successive system state changes. 
In the model pallets and fixtures move together and therefore a single 
entity has been defined to accommodate the two. Moreover. pallets can also 
be seen as simple bases on which pans can stand loose or seen as complex 
sets incorporating both pallet and clamping fixtures. 
Palletising stations are associated with the number of available operators. 
As long as palletisation is required and an operator is available a 
palletising station is considered to be available. 
There are three basic tasks an operator or palletising entity can perform. 
as shown in figure 9.S.1: 
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Task 1 - Depalletisation of pans and 
Task 2 - Depalletisation followed by repalletisation on the same pallet 
Task 3 - Palletisation of selected pans, 
In practice any combination of the three tasks may be performed together 
by the same palletising operator, palletising mechanism or device. 
Therefore the most complex task that can be performed includes part or 
pans unclamping followed by reclamping in the same fixtured pallet 
fmishing with the clamping of new pans in positions left empty by the 
unclamped ones. The model is designed to take account of any possible 
palletisation combination within this framework. It is therefore possible 
keep track of individual pans, their state of processing and their position 
on each single pallet. 
A feature which is not included is the simultaneous use of more than one 
operator or palletising entity for palletisation of pans on the same pallet. 
Nevertheless, if additional operators are assumed to be always available the 
model can still be used. In this case however performance of palletising 
operators cannot be completely evaluated. 
Palletising cycles are implicitly defined within the model by specifying 
the values of the configuration parameters related to pallets and pan 
palletising requirements as described in detail in the model input data, 
section 9.7.2. 
9.5.3 Work Assignment to Machines 
Parts are assumed to be palletised before they are routed to machines. 
The assignment of pans to machines is dependent on the availability of 
adequate tools to load or already loaded into machine tool magazines. 
The acceptability of tools by the machines is dependent on machines' 
processing capabilities and on the sizes of tool magazines. Moreover, the 
decision to load tools at the magazine of a machine is linked with the 
priority of pan processing. This priority can be dependent on pan 
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characteristics or on assembly set or product related variables to which 
the part belongs to. Examples of priority regulating variables of a part. 
dependent on product or assembly set. are the remaining processing time 
and remaining parts to completely finish the set. Most of these variables 
defining the priority of part assignment or part loading are dynamic 
priority variables. i.e they vary with system state. 
In assembly set production mode. although parts have an individual 
treatment within the system. they are normally associated with the 
assembly set they belong to from the dispatching moment until the set is 
completely processed. When all of the AS parts are finished the set of parts 
is considered to be finished. 
9.5.4 Machine Pooling.Part Loading 
Machine pooling is achieved by loading identical tools into more than one 
machine. These machines must. of course. be able to carry out identical 
part operations and therefore accept identical tools. For these reasons it is 
clear that such machines must be identical or fairly similar. 
Pooling is performed when the workload of one or more machines is 
beyond acceptable limits. Such limits can be defined by the user. In the 
case of machine overloading. attempts are made to find another machine 
with processing capabilities identical to an overloaded machine. Tools will 
be loaded to this machine to process all or some of the parts assigned. but 
not yet loaded. to the overloaded machine. Thus total or partial machine 
pooling is achieved in a way which allows parts to be processed in either 
of two or more machines. 
A machine can be seen as overloaded if the workload associated with the 
parts at the machine buffer and parts still in the central store but already 
assigned to the machine although not yet loaded. is larger then the 
acceptable machine workload limit defined by the user. 
The pooling capabilities of an FMS is specified to the model by defining the 
machine characteristics and capabilities through input data. This is done 
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by specifying the type of each machine in the system and also which types 
of machines can be used with each type of basic tool group. 
9.S.S Tool Replacement and Transport 
The model presents a range of alternatives for tool replacement and 
transport that are representative of past and present FMS's. 
Tools can be replaced by: 
I.Replacing magazines or pallets of tools and 
2. Tool by tool replacement at the machine magazine. 
Tool transportation can be by: 
I.Dedicated tool transport systems: 
2.0perators who also do palletisation work. They can move tool 
groups to the machines aided by trolleys or any other kind of 
transport vehicle: 
3-The transport equipment used for part-pallet transport. 
These last two transport solutions are modelled in considerable detail, but 
detailed modelling of dedicated tool handling systems is not included in the 
model. However the time for tool transport and for tool replacement taken 
by this kind of system are input variables to the simulation model. This is a 
simplified way of modelling dedicated tool transport which is assumed to be 
always available when required. 
Combinations of the tool transport and tool replacement alternatives 
described above can be simulated by the model and studied at systems 
design level. 
In addition the entity carrying out the transporting can either: 
-be held at the machine while tool replacement takes place, or 
.simply leave the machine as soon as the tool group for replacement 
has been deposited in')['adequate place at the machine area. Immediate 
115 
replacement. into the machine magazine by an automatic 
manipulator or direct changing into machine spindle can then 
follow. 
Tool replacement at machines is assumed to be done with machine stopped. 
9.5.6 Part-pallet transport 
The movement of pallets between stations and the pallet central store is 
essentially dependent on part processing requirements of the parts on 
pallets and also on the number of required set-ups/reset-ups at the 
palletisation area. 
Parts flow through the system by means of the material handling system. 
The movement time between stations is specified through a transport time 
matrix of the type shown in figure 9.5.2 
Stations are considered to be not only the processing machines but also 
the area where the palletising operations are carried out and also any stop 
and start points on the transport path accessed by the transport carriers. 
Part transport is achieved by pallet carriers or handling devices. Examples 
of types of handling devices which can be used have been referred to 
previously in section 9.4.1. 
In the model palletised parts are transported to machines and handed over 
to machine tables or machine buffer places. Once processing has been 
carried out the pallets are transferred back to the handling devices and 
transported either to the next machine for further processing if required 
or to the palletisation area for part depalletisation which may be followed 
by repalletisation. 
9.5.7 Material storage 
The size of the pallet central store and its contents, i.e. number of pallets of 
each type, can be specified by data. However the too Is central store is 
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considered to be able to accommodate tbe tools required for running the 
system. This can be seen as a pool of tools. Pools for parts waiting 
palletisation and for additional pallets, i.e. back up stores, are also 
considered in the model. These are assumed to be able to accommodate all 
such waiting parts and pallets. Empty pallets can be exchanged between 
the back-up pallet store and the pallet central store. 
The number of pallets to run a particular system is dependent upon a 
variety of parameters 
batch sizes and tool 
such as part processing requirements, pallet design, 
system configuration. A study of tbe problem of 
determining tbe optimum number of pallets of each type is presented in 
section 10.12. 
9.5.8 Part Spectrum and Related Aspects 
Parts are specified to the model through their operating characteristics. 
These include part type to which is associated a number of different global 
operations, each requiring a given set of tools and a given processing 
time. A batch size must be specified, also, and an assembly set size must be 
given when production is carried out on an AS basis. In tbis case tbe types 
and number of parts which make up an AS must be specified also. 
9.5.9 Groups of tools 
Grouping small sets of tools into larger sets to load at machines is a 
requirement to reduce waiting time due to botb tool replacement and tool 
transport. With such a strategy, much of the travelling time of tools to 
stations and repeated tool and part load-unload can be avoided. This 
strategy has been modelled. 
The way in which tool sets are combined is likely to affect considerably 
FMS performance. A study of this problem is presented in chapter 10 and 
indications to best tool grouping are put forward. 
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9.6 PROGRAM DESCRIPIlON 
9.6.1 Program Structure 
A simplified and general view of the ECSL simulation program and 
structure is shown in figure 9.6.1. Figures 9.6.2 to 9.6.16 are the flow 
diagrams of the main modelling aspects considered. The model cycle 
diagram is shown in figure 9.6.17. 
The overall model structure. figure 9.6.1 is mainly imposed by the 
simulation language used. 
Seven sections can be identified. 
First there is a variables Definition section where every variable. integer 
or real. histograms or entities. attributes and queues of entities and a 
number of simulation functions are defined. Single integer variables may 
also be defined in the body of the simulation program itself. 
After variables are defined a Data block must be entered. This assigns 
initial values to all system variables which may still be overridden by the 
values assigned to the variables in the next section of the simulation 
program. namely the Initialisation section. In the coded model the Data 
block or Data section appears at the end of the program just after the 
Finalisation section. 
The Initialisation section is used to define the starting values of some 
variables and in particular those related with scheduled initial time 
events. This is a way of defining the initial state of the system to be 
simulated. The system state at the start of production is such that all 
machines are available and empty and tools and parts are in their stores 
ready to be allocated to the system working stations. i.e. machining and 
palletisation stations. 
Moreover data may also be initialized through READ statements. In this 
case the values of the variables to be read are given in a separate input 
data file and appears on that file after the EXECUTE control card of the 
simulation language22 at program execution. An example of such a file is 
shown in appendix 2. figure A2.l. 
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This feature is panicularly useful during experimental work because the 
factol'3 or variables to be changed can be initialized through such READ 
statements and input without having to change the simulation program 
including its data section or any other section. Thus only this data input 
file needs to be changed to carry-out a number of computer simulation 
experiments. 
After Initialisation there is a statement which defines the value of the 
length of the simulation duration. When the simulation clock has been 
advanced to this value the so called Finalisation section is performed. 
The Finalisation section is mainly a section which formats and outputs the 
simulation results based on the performance recording variables. Some 
calculation is also normally required in this section to transform the 
recorded variables into a more useful form for information purposes. 
Values of any system variable can be printed out. Therefore to complement 
the results. other relevant variables. such as those defining the FMS 
configuration and manufacturing control strategy. are also printed out in 
the Finalisation block. 
The clock advance time routine. provided by the ECSL simulation language. 
performs the so called A-phase of the simulation up-dating the clock time 
to the next time event. After this a new simulation cycle starts and when 
the last activity is tested and simulated the simulation cycle ends. 
However. before activities stan recording can be performed. If the switch 
ADD. provided by ECSL. is put on then every recording statement involving 
it is obeyed. 
Recording may also be performed at the Activities section without having 
to use the ADD facility. This is frequently done in the developed model • 
At shift changes there may be a need to update shift related recording and 
controlling variables. figure 9.6.3. This is modelled just before the 
activities section. 
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9.6.2 Activities Section 
This part of the simulation model can be seen as the body of the simulation 
process. In the Activities section a number of activities arc defined which 
simulate the internal workings of the FMS system configured by input 
data. The activities are classified into seven functional groups. 
The first group is concerned with the arrival of entities into the system 
and contains a single activity called ARRIVE. figure 9.6.4. According to a 
releasing plan and releasing priorities. section 9.4.1. the activity ARRIVE 
controls the flow of the work into the system by releasing into the system 
the parts to be processed as well as the assembly sets or batches to which 
they belong. 
The second group also involves a single activity called UPDATEFACfORS. 
figure 9.6.5. It uses information generated during the simulation up to the 
present clock time and compiles the present values of system state 
dependent variables. which are used for manufacturing control purposes. 
namely those related to the priority of part loading. part processing and 
part palletising. 
The third group of activities achieves both part and tool assignment to 
machines. The group is a large and complex onc. consisting of four 
activities. i.e. SA VEMAG. CHANGTOOLS. UNPOOLMCS and POOLMCS. and could 
have been considerably simplified and reduced if more than 5 steps of 
indentation. section 9.3.2. were provided by the ECSL language. 
SAVEMAG. figure 9.6.6. performs the assignment of parts to machines 
which have the tools to process them. The parts will then be processed by 
onc of these machines provided that they are actually loaded into the 
machine or machine buffer before higher priority parts. which must be 
processed first in the same machines. become available and require tools 
in the magazines to be replaced. 
CHANGTOOLS. figure 9.6.7. assigns a new set of tools to a machine on the 
basis of part priority for processing. 
UNPOOLMCS. figure 9.6.8. ensures that a machine pooled with another. i.e. 
provided with tools to process one or more part operations which can also 
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be processed by that other machine. is unpooled in order to be able to 
process a new palletised part operation. The tools required to process the 
new part are immediately assigned to the machine to be unpooled • 
POOLMCS. fig.9.6.9. chooses an unpooled machine to be pooled together with 
a second machine for the processing of one or more part operations. The 
first machine is chosen on the basis of the most loaded machine and the 
second on the basis of the least loaded machine. The need for pooling 
occurs when either a machine is overloaded. section 9.5.4 • or there is an 
empty one. i.e. with no pallets loaded waiting processing. able to process 
the same kind of part operations already assigned to a machine. In either 
case pooling is dependent upon the availability of both the necessary tools 
to process the parts and the pallets on which the parts are palletised 
Machine pooling always implies that at least two identical tool sets and two 
identical pallets are available to be loaded into two identical or fairly 
similar machines to process the same type of part operations. Thus when 
there is no tool set duplication and/or pallet duplication for identical part 
palletisation then machine pooling cannot occur. 
The fourth group has two activities. One is called UNLDMAGAZ and the 
other LOADMAG. These simulate the loading and unloading of tools into the 
machines. It was intended initially that these two activities were to be 
treated as a single activity. However the simulation language restrictions 
did not allow this to be done. 
UNLDMAGAZ. figure 9.6.10. performs the replacement of tools of the 
machine with a new set of tools which has been assigned to the machine 
for processing new parts. 
fig· 
LOADMAG. A9.6.11. performs the tools loading only. This activity is 
only used when tools replacement is not necessary. 
A somewhat similar strategy to this load-unload strategy for tools is also 
used for simulating both the parts load into and unload from pallets as well 
as pallets loading/unloading into machines. 
A fifth group simulate the activities of unclamping and clamping 
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Activity UNCLAMPINGfi~ 9.6.12, simulates the unclamping, or more 
generally, the depalletisation of processed parts eventually followed by 
reclamping of the same parts on the same pallet and/or clamping of new 
parts on positions left empty on the pallet, section 9.5.2. 
fig:. 
CLAMPING,,, 9.6.13, simulates the clamping of parts on pallets which do not 
require part depalletisation. 
The action of unloading/loading palletised work from/onto machines is 
simulated by the sixth group of activities 
UNLDMC, figure 9.6.14, tests the possibility of pallet unloading from 
machine or machine buffer and thc test success implies that thc activity 
succeeds. In this case pallet unloading is carried out. This may also be 
followed, in the same loading cyclc, by a new pallet being loaded into the . 
samc machine or machine buffering area. A test is carried out to check the 
possibility and the need to do this. The unloaded pallet may then either go 
to the palletising area wherc part unclamping may takc place or to 
another machine if further processing is required without repallctisation. 
LOAD MC, figure 9.6.15, is an activity which is carried out whenever only 
machine loading is required, i.e. a pallct must be loaded into a machine but 
no pallct is requircd to be unloaded from the machine. 
The eighth and last group of consists of only one activity which simulates 
the actual machining of parts 
MACHINING, figure 9.6.16, is performed by checking, for every pallet on 
every machine, if parts machining can start. For every test success, the 
activity is carried out and associated control and recording variables are 
up-dated. 
Provided the simulation duration has not been reached recording takes 
place and a new simulation cycle restarts after this last activity is 
performed. Whcn the time of the "clock" equals the simulation duration 
the simulation process ends and the Finalisation section is performed. 
After this if new blocks of Data are available the simulation restarts with a 
new Data block, otherwise the simulation finishes. 
9.7 
9.7.1 
MODEL INPUT/OUTPUT 
General view 
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Data input is carried out initially by the model Data block and 
complemented by the so called Initialization section. as mentioned above in 
section 9.6. 
Input data is necessary for establishing the FMS 
specifying manufacturing organizational data 
manufacturing control procedures for job releasing. 
processing sequencing. 
physical configuration. 
and clearly defining 
part loading and part 
It is therefore possible through input data to make a computer model 
representation of the physical configuration of an FMS system as well as 
the representation of the most relevant organizational and operating 
aspects of the manufacturing process. 
Performance measures are the main model output results. Other data which 
is considered relevant to complement information for system evaluation 
may also be included in the model output. Thus some data related to system 
configuration and manufacturing system control and operation is also 
printed out. appendix 2. figure A2.2. 
A number of FMS design and operating features may be investigated 
through a study of the changes in performance measures resulting from 
changes in the levels of input parameters. figure 9.7.1 . 
9.7.2 Input Data 
This section is intended to formalize the model input data. most of which 
has already been referred to in an informal way in sections 9.4. 9.S and 9.6. 
9.7.2.1 Workpiece Related Data 
Physical and Organizational Data 
- Number of part types 
123 
- Number of pan operations or pan-pallet set-ups per pan type 
- Machines which can process each pan operation 
- Tools required to process each pan operation 
- Processing time per pan operation in each machine 
- Palletising time per pan-pallet set-up 
- Depalletising time per pan-pallet set-up 
- Size of the assembly set (AS) or batch to which the pan belongs to. 
- Assembly set type 
- Pan types making up the assembly set. 
- Number of pans of each type in the assembly 
- Pallet type or types where each pan. for each different operation 
can be palletised 
- Positioning of each pan on each pallet for each different pan-
operation. 
- ·Pan operations· which can be palletised together in the same 
pallet. 
- Production requirements mix: Pan mix and assembly set mix of the 
system workload. 
Scheduling-Seauencing Rules 
The model has been structured to allow the easy definition of a large 
variety of priority dispatching and pan loading rules. In many cases two 
simple statements are enough for defining a new rule. One of the 
statements is required to give the rule number and the other is· necessary 
to specify the rule controlling variable called BFACTOR for dispatching 
rules and FACTOR for pan loading priority rules. 
Examples of rules which can be defined in this way are: 
a) - Priority rules for dispatching the work into the system 
- FCFS (section 9.S.1) 
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_ Duedate or other user defined job priority factor. 
- Total processing time per job 
_ Average part processing time per job 
_ Combination of any of the previous rules with balancing the 
product mix. In these rules a product mix is specified and job release 
is carried out in order to maintain at any time in the FMS that mix. A 
product is a combination of a number of different parts 
A job is a batch or an assembly set, AS. 
b) _ Priority rules for part-lgadjng and processing priority (sectioD 
bU - Part related rules:. 
- FCFS (section 10.4.1.3) 
- Duedate of the part 
Remaining processing time of part 
_ Processing time of the next operation 
- Part processed time 
_ Number of remaining unprocessed part operations 
b2) - Assembly set OT batch related rules 
MRPAS (section 10.4.2.2) Minimum Remaining Parts in the AS 
_ Maximum remaining parts in the AS or batch 
_ Remaining processing time of the unprocessed part operations 
belonging to the AS or batch 
With these rules part priority is defined on the basis of dynamic 
variables dependent on the AS or batch dynamic characteristics to 
which the part belongs. 
From the above rules the FCFS priority rule for dispatching and the FCFS 
and MRPAS priority rules for part loading, part priority at palletisation 
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and part processing priority have been used for experimentation 
purposes. 
9.7.2.2 Pallet Related Data 
Physical and Organizational data 
- Total number of pallets 
- Types of pallets 
- Number of available pallets per type 
- Number of palletising positions per pallet 
- Type of each palletising position 
- Pallet central store size 
Pallet selectionlsequencing priority 
A part may be palletised together on the same pallet with other parts. In 
this situation it is necessary to define a pallet sequencing priority factor. 
This is required for pallet loading into or unloading from buffers and/or 
machines. for pallet priority selection at unclamping and also at 
machining. 
The priority is only dependent on the static or dynamic variables related to 
the parts palletised in the pallet. 
Many rules can also be defined for pallet priority selection but this may 
require a slightly more complex procedure than that referred to for the 
previous rules. The principle is the same: a rule number has to be defined 
and the expression for the value of the rule controlling factor. now called 
FXFAcrOR. must be established. 
Examples of pallet selection priority rules which could be used are: 
- Highest priority part rule. 
With this rule the pallet is selected on the basis of the highest 
priority pan loaded on the pallet. 
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- Remaining processing time of the palletised parts 
- Processed time of the palletised parts 
- Number of unprocessed operations of all palletised parts 
The highest priority part rule is used for experimental purposes. This 
simply means that priority is given to the highest priority part on the 
pallet for both machining and depalletising operations. In this work the 
emphasis is on producing complete assembly sets and individual parts 
priorities are set to achieve this. Hence in the experimental work the the 
highest priority part on pallet rule is used to ensure that high priority 
parts which are required for assembly sets are not held up in the system. 
9.7.2.3 Machine Related Data 
Pbysjcal and organjzational data 
- Number of machines in the system 
- Types of machines in the system 
- Number of machines of each machine type 
- Type of tools which each machine may use for part processing. 
Machine local tool storage size - magazine size 
- Number of machine buffers places - buffer positions for pallets. 
An 'n' position buffer has 'n-l' utilized buffer places for pallets. A 
spare place is necessary for pallet exchange. 
- Machine assigned workload 
This last variable is dependent on system state and is essentially used for 
machine pooling and part-loading as referred to in section 9.5.4. 
Machining priority is determined by pallet priority as defined in section 
9.7.2.2. 
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9.7.2.4 Tool Related Data 
Sets of tools are defined for the processing of each different part 
operation. section 8.3. Tool groups are established having one or more such 
tool sets. The maximum number of tools in each tool group cannot be 
larger than the smallest tool magazine size into which the tool group is to 
be loaded. 
The data which is necessary to define the tooling system configuration is: 
- Number of tool sets 
- Type of each tool set 
Number of available tool groups in the FMS 
_ Type of each tool group in the system. 
- Tool sets which make-up each tool group 
- Number of tools in each tool group. 
In addition the times to replace tools at machines are given: 
- On a tool by tool replacement basis 
- On a magazine replacing basis 
9.7.2.5 Handling Devices and Transport 
The data input related to the transportation system are: 
_ Number of pallet transport/handling devices (HO); 
Number of pallets carried at a time or pallet carrying positions; 
_ Transport time to and from any defined area in the transport 
network. figure 9.5.2; 
- Handling device function: 
part-pallets carrying only 
- part-pallets and tools carrying 
128 
When the handling devices are also used for tool transport the transport 
time to the machines and tool group loading into and unloading from the 
HD must be given. 
9.7.2.6 Operator Data 
The operators' related data are: 
• Number of operators 
• Operator functions: 
• Palletising/Unpalletising only 
• Palletising/UnpaIletising and tool replacement and/or tool 
transport. 
Each of the operation functions applies to all operators during a specific 
simulation. 
9.7.2.7 Other Input Data 
It is also necessary to input a diversity of other parameters such as: 
• Production period·Simulation duration 
• Shift duration 
• Number of shifts per day 
• Day duration 
Part sequencing priority rule. section 9.7.2.1 
• PaIlet selection priority rule. section 9.7.2.2 
• lob order releasing plan. This includes: 
• a list of all jobs (AS or batches) to be processed 
• the job releasing priority rule section 9.7.2.1. When this is 
not given jobs are released as they appear queued in the 
order plan. i.e. on a first come first served basis and 
9.7.3 
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_ the value of the priority factor. if any. for each job to be 
released. 
Model Output 
Model output includes a number of performance measures expressing the 
manufacturing simulation results. a number of system configuration and 
manufacturing control parameters as well as part spectrum related 
variables. 
The main performance measures recorded by the model and which can be 
printed out. figure 9.7.1. are: 
1 - Average utilization of a variety of classes of physical system entities 
which are involved direct or indirectly in the manufacturing of pans. 
namely machines. operators. tools. pallets and handling/transport 
devices. HD. In addition the utilization of each particular entity within 
each class is also obtained. 
2 - Number of finished and in progress workpieces and assembly sets 
for each type as well as the corresponding totals for each of these two 
classes of entities. 
3 - Average and frequency distribution of the work-in-progress. w.i.p .. 
expressed as: 
number of w.i.p. parts and 
- w.i.p. processed time 
4 - Average and frequency distribution of the throughput times of both 
parts and assembly sets or batches. 
5 - Average and frequency distribution of the throughput time index. 
TTI. of both parts and AS or batches. 
TTI Throughput time 
- Machining time 
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6 - Work-in-progress turnover of both parts. WIPTQ and processed time. 
WIPIT 
WIPTQ Average number of parts produced in a year Average number of parts in progress 
WIPIT 
Average total processed time in a year 
Average processed time in progress 
7 - Production rate in workpieces per hour 
8 - Production Synchronization Ratio. PSR. section 10.1.1. 
Other variables are also printed out with the purpose of complementing 
information output and check on input data. These include: 
FMS configuration data 
Number of operators in the system 
_ Number of machines in the system 
_ Number of pallet buffers in each machine 
_ Number of tool groups in the system 
_ Number of handling devices. HD. in the system 
_ Number of transport positions in each HD. 
_ Number of pallets of each type in the system. 
Manufacturing contro) data 
- lob releasing priority rule 
- Part sequencing priority rule 
- Pallet selection priority rule. 
Operational data 
- FMS running time! Simulation time 
- Number of loaded AS or batches per type 
9.8 
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- Number of loaded pans per type 
_ Frequency distribution. mean and standard deviation of part-
operation times of al1 loaded pans 
_ Frequency distribution. mean and standard deviation of machined 
operations. A machined operation may include the machining of one 
or more part operations. depending on how many parts are loaded 
together in a same pallet for processing at a given machine. 
_ Frequency distribution • mean and standard deviation of transport 
times of pal1ets 
_ Number of times each simulated activity succeeds during the 
simulation period. 
MODEL VALIDATION 
Ideally validation of a computer simulation model can be carried out by 
comparing model output with actual observed output. In many cases. 
particularly when investigating possible system configurations. as in this 
work. for high capital cost equipment. real systems output are not 
available. 
Model validation in these circumstances can only be achieved by 
verifying that the program matches the conceptual model of the FMS·s. 
that there is a correspondence between the model and the FMS's which it 
represents and that the simulation program behaves as intended. 
In order to carry out this latter stage. during model development system 
dumps of variables were checked at every clock time to determine whether 
variables changed as expected. These expected changes were derived by 
hand for each FMS configuration tested. its elements. control rules and 
operational data. 
In addition. output results of test runs were examined for consistency and. 
where appropriate. expected behaviour. 
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10.1 BOUNDARIES AND OBJECI1VES 
For the reasons stated in chapter 4. set assembly manufacturing has been 
considered throughout the design and operation analysis of FMS's in this 
work. 
The results and conclusions of this research work are based on computer 
experiments carried-out with a complex simulation model. chapter 9. which 
gives emphasis to tooling and palletising aspects which are central to this 
research work. 
In particular the problem of finding tooling configurations for efficient 
FMS operation under minimum tooling requirements has been studied. 
FMS design and operation are interrelated. Thus a specific design 
configuration is dependent on operating objectives and on the other hand 
the operation of an FMS. is significantly influenced by the design solution 
adopted. Due to this interrelationship the computer simulation experiments 
carried out can be seen as directed at evaluating both design and operation 
aspects of FMS. 
The study considers tools to be a limited resource. This removes the usual 
Simplification of assuming that tools are available and therefore scheduling 
decisions are not constrained by tooling. Such a simplification may be 
acceptable when modelling traditional manufacturing systems. in particular 
rigid transfer lines. but is unrealistic in FMS where it is necessary to a v 0 i d 
excessive tool duplication and tooling costs. 
10.1.1 FMS Performance and Evaluation 
Because this investigation is concerned with FMS's which produce sets of 
parts for subsequent processing. FMS performance will be considered as the 
combined view of both average utilization and assembly sets output during 
the FMS running period. A normalized representation of this measure is the 
production Synchronization Ratio. SR defined as: 
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SR _ Actual finished assembly sets in the period 
Theoretical maximum sets it is possible to finish in the period 
In experiments concerned with varying the total load in the system. two 
other measures have been used. These are work in progress. w.i.p.. expressed 
as the processed time of in progress parts. and job throughput time. 
Job throughput time is considered as the average throughput time of 
assembly sets. As a normalized measure of throughput time the Assembly Set 
Throughput Time Index. ASTTI. will be used. This is given by: 
_ Average set throughput time 
ASTTI -Machining time per assembly set 
10.1.1.1 Degree of Balance of an FMS 
The maximum achievable machine utilization in a FMS is usually dependent 
on part mix processing requirements and alternatives for parts assignment to 
machines. 
The assumption is made that it is possible to identify groups of machines. 
which may contain one machine or more. such that pan operations can be 
performed anywhere within the machine group. The total work load is 
distributed among the groups and considered to be equally distributed within 
the machines of each group. As long as the machines in each group are fully 
utilized the theoretical maximum possible machine utilization for the FMS is 1. 
We can say that the FMS is in perfect balance. However. if due to the nature of 
processing mix requirements an unbalanced load assignment to the groups 
results. then that maximum is not achievable. Eventually the group with the 
largest load per machine may be fully utilized but the machines of the others 
are bound to remain idle for some time. In these circumstances the 
theoretical maximum machine utilization is no longer 1 (one) but a value less 
than that. In this case perfect FMS balance in not achieved and only a certain 
degree of balancing is achieved. The Degree of Balance of an FMS is defined as 
the theoretical maximum possible machine utilization of an FMS 
determined by the average of the total maximum possible utilization of the 
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machine. groups within the FMS. This theoretical machine utilization is given 
by: 
UT= 
Where: 
UT • is the theoretical maximum FMS machine utilization or degree of 
balance of an FMS 
m i • is the number of machines in the machine group i 
U i • is the maximum possible utilization of machine group i. table 10.9.3. 
and 
g • is the number of machine groups in the FMS 
A practical application example of this concept is shown in table 10.9.3. 
10.2 GENERALIZED SYSTEM SET·UP AND DATA 
The FMS configurations and the data used in the set of experiments are 
mainly based on an existing FMS 13 9 for manufacturing of complex prismatic 
pans. Much of the data was obtained from direct observation. However. it is 
felt that the modelled configurations are sufficiently representative to allow 
some general conclusions to be made. 
10.2.1 Production Planning Horizon and Shirt Pattern 
The experimental work is based on computer simulation runs for 3 eight 
hour shifts. This choice is based on the fact that. most frequently FMS's are 
run for planning horizons of one dayl 00. The shift division of the daily 
production. which is a feature of the operation of many FMS's. offers 
flexibility in organization which is reflected in operational control. Thus 
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scheduling and sequencing strategies may be changed over time and are 
frequently associated with particular shifts' 3. In this work, for instance, 
part urgency or priority scheduling is defined on a shift basis in some 
experiments, section 10.4.1.3. 
10.2.2 Typical System Configuration 
Variations in a basic FMS physical configuration, figure 10.2.1, may be 
adopted according the objectives of the analysis or evaluation study. 
Four machining stations have been used for most of the experimental work 
and these may be limited or multipurpose machines. A tool central store is 
available where tool groups are kept to be exchanged in the tool storage area 
at the machines. 
The number of tool groups held varies according to tooling configuration 
and is closely related 10 part mix processing requirements. 
A single transport vehicle or handling device, HD, with a single pallet 
position. is used. 
Two palletising operators are used for both palletising work and tool 
replacement at machines. 
These two last types of system resources have been used in all experimental 
work and their utilization is low, namely around 0.55 for the handling device 
and 0.450 for operators. This fact combined with that of adopting these same 
resources for every experiment allows one to assume that the main 
variations in the performance measures are primarily due to the variation 
in the levels of the factors analysed in each particular simulation study. 
A palletising and central store area with a capacity for 13 fixtured pallets is 
used in conjunction with a back-up store for the remaining available pallets. 
These pallets will be kept empty until they are transferred to the palletising 
and central store area where part clamping can take place. 
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10.2.3 Part Spectrum 
The part spectrum used for the majority of the research is based upon a real 
set of parts associated with the NGL FMS a sample of which is shown in figure 
10.2.2. Variations in this spectrum have been investigated. 
A basic set of nine different complex prismatic parts is considered and 
relevant details are given in tables 10.2.1 and 10.2.2. Some of the parts have 
identical processing times but they are different parts and required for the 
assembly of a final product or set. 
The part mix is required to form sets of parts. These sets of parts are called 
assembly sets (AS) and are seen as an organizational unit. The parts of such a 
unit can be identical or different. 
The typical part requirements for each assembly set to be manufactured in 
the configured FMS is shown in table 10.2.1 
10.2.4 Part Operations and Processing Times 
A part operation consists of a number of elemental operations each 
requiring that a single tool or tool head be exchanged between tool magazine 
and machine spindle. These tools may well include touching and measuring 
probes. 
The part operation processing times· per each part operation type are given 
in table 10.2.2. A typical frequency distribution of the part mix operation 
times. is show in figure 10.2.3. The same figure 10.2.3 also includes a typical 
distribution of machine operation times which clearly shows that in the 
main the latter are larger than operation times because parts are palletised 
together and processed jointly. The distributions are dependent upon part 
mix. load requirements and interactions within the system. 
These time distributions are related to the manufacturing of parts for a three 
eight hour shift period and are associated with the mix containing the ten 
parts required for each AS. section 10.2.3. 
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10.2.S Part Release and Scheduling 
Parts are released into the FMS in assembly sets, section 4.1.2. Thus when the 
set batch size is two, then two identical assembly sets are released into the 
system together. The release of work is an aspect which is not central to this 
research work. Thus it was decided to adopt a simple mechanism to release 
work. The work is released whenever the system load drops below a given 
value normally equivalent to a two shifts load namely 960 minutes for the 
typically configured FMS of figure 10.2.1. This time is equivalent to an 
average of 240 minutes per each of the four machines. 
Work scheduling details and work scheduling flexibility has been discussed 
in both model description, chapter 9 and in chapter 7. 
10.2.6 Initial Calculation of the Number of Pallets 
The analytical work in chapter 5 can be used to obtain a first 
approximation of the number of pallets required to run the configured 
FMS for the part mix referred to above. 
10.2.6.1 Number of Pallets for the Three Eight Hour Shift Planned 
Manufacturing Period. 
If no reusage of pallets is considered than, as shown in section 6.3.1 the 
number of required pallets would be: 
where: 
P' is the average number of required pallets 
U is the average machine utilization 
(6.12') 
Pp is the average processing time per pallet set-up at a machine or 
workstation 
T is the length of the manufacturing planned period 
m is the number of available FMS workstations 
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If we consider that theoretically 100% machine utilization is possible then: 
In the FMS considered 4 machining centres are used. i.e. m is 4. Moreover 
the FMS planned manufacturing period is three eight hour shifts. i.e. T is 
24 hours. 
Based on figure 10.2.4 and table 10.2.2 it can be seen that there are eight 
different types of pallets to carry parts requiring a total processing time of 
802 min which means that the average processing time per pallet set-up is: 
Therefore: 
802 
Pp=g 
Pp= 100 min 
- 4*24*60 
P'= 100 
p' = 58 pallets 
Thus if no recirculation of pallets is allowed during the three shifts 
an average of 58 fixtured pallets is necessary to run the FMS. 
10.2.6.2 Number of pallets required with pallet reusage 
It was seen in section 6.3.2 that when pallet reusage is possible within the 
planned manufacturing period then the average number of pallets 
required can be considerably reduced and is given by: 
which can be expressed as: 
_ m-tp 
P = pp 
(6.14) 
Where tp is the pallet cycle time. section 6.3.2 
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tp can only be obtained from the study of a real system or through 
computer simulation of the FMS operation. 
10.2.6.3 Minimum Number of pallets required 
It was seen, section 6.3.4 equation 6.17 that: 
Where: 
m(ps + PC> Pmin = m +-.=:.-..:..;::;" 
Pp 
(6.17) 
Ps. is the average time a pallet is used for part(s) palletisation 
Idepalletisation per pallet cycle and 
Pc. is the average pallet transport and handling times per pallet 
cycle 
The Ps value can easily be determined from operation data. In the FMS as 
configured 4 min were required for part palletisation and 3 min for part 
depalletisation. Since a maximum of 26 parts must be clamped on 8 
different fixtured pallets, the maximum time for palletising and 
depalletising per pallet is : 
26*(4+3) 
Ps 8 
Ps = 22.75 -uin 
The time Pc is likely to be dependent on system configuration. and also on 
the way work flows within the system. A value could easily be obtained 
through computer simulation. Nevertheless an approximation to Pc can be 
adopted based on handling and transport times between FMS stations. 
In the configured FMS, pailet exchange times at palletising and work 
stations is 1 min and transport times between palletising and machining 
stations is 2 min. We can consider that pallets always return to the 
palletising area after processing before going to other machines. This is 
most probably the case when highly flexible machining centres are used 
as in the FMS configured. In this case Pc is the time to go from and return 
to palletising, namely 4 min plus the pallet exchange times at both 
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machining and palletising areas, namely . four times 1 min. Therefore Pc is 
8 minutes. 
Using equation (6.17) : 
p . _ 4 4(2.'2.15 jo 8) 
mm - + 100 
Pmin = 5. 2.3 
I.e. a minimum of 6 pallets would be required to operate the FMS. However 
account must be taken of the number of different pallets required, section 
6.3 .. 3 , which is 8. Therefore the real minimum has to be 8 pallets. 
10.2 7 Number of Pallets and Palletising Approach 
The previous calculation suggests that a single set of 8 different fixtured 
pallets may allow a good level of FMS utilization provided no 0 the r 
production resources, such as tools or transport vehicles, and production 
control impose delays on pallets. In reality a value larger than 8, Le one set 
of fixtured pallets, but certainly smaller than 58, is likely to be required 
for high FMS performance. 
Typically sixteen fixtured pallets, i.e. two each of eight different types, have 
been used in most of the simulation experiments. Any changes to this are 
dependent on the objectives of experimentation and will be referred to in 
appropriate sections. 
All pallets carry a number of parts which are clamped to appropriate 
fixtures for joint processing, in groups of identical, different or mixed part 
types as shown in figure 10.2.4. 
A fixtured pallet holds a minimum of two parts and a maximum of ten as 
shown. The figure shows which parts are clamped onto which fixtured 
pallets and the respective part operations to be carried-out. 
Some parts may remain with the same pallet for all operations, but need 
reclamping 
palletlfixture 
between operations. Other parts may require a change of 
combination between operations, see figure 10.2.4. 
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10.2.8 Tools Loading/Unloading 
Tools are combined in sets which may be grouped together to constitute 
alternative magazine loads, based on part processing requirements. 
Groups of tools required to process the work clamped onto pallets are loaded 
at the tool buffers of the machines. The choice of which group to load is 
determined by part processing requirements and part priority. 
The decision to unload a given group of tools from the tool buffer at the 
machine is usually caused by the need to process a new part requiring a new 
group of tools. 
Tool group replacement time in the model is taken to be 35 minutes. At the 
start of production only loading of a tool group takes place and slightly m 0 re 
than half of the load/unload time, namely 20 minutes, has been allowed. This 
is a simplification of what is likely to happen in practice. The simplification 
was necessary to avoid problems, in running the model, which were initially 
encountered due to the limitations of the simulation language referred to 
previously, sections 9.1 and 9.3. Verification showed that it would not affect 
noticeably the experimental results. Initial test runs showed that, for the 24 
hour manufacturing period considered, tool loading at each machine takes 
place at most around four times, i.e. slightly more than once per shift, and at 
least once. This lower value occurs when tooling configurations with four 
tool groups are used in the four machine configured FMS. Hence the tool 
replacement time is a comparatively small fraction of the manufacturing 
period and therefore did not noticeably affect machine utilization and other 
performance measures. 
10.3 OUIUNE OF COMPUTER SIMULATION EXPERIMENTS 
Tooling Strategies and FMS ConfiiYratjons 
The scheme of experimental work using the computer simulation model has 
been designed to encompass the major combinations of machine tools and 
tooling availability as shown in table 10.3.1. Some extensions to this scheme 
have been included and these will be described in appropriate sections. 
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Thus two basic FMS configurations are considered. One uses identical highly 
flexible machining stations. These stations can process any part operations 
of the part mixes used in the experimental work. In the other FMS 
configuration. two different groups of limited purpose machining stations 
are used. These stations are only able to process a limited number of 
different part operations. 
For each configuration. FMS performance is investigated for three general 
levels of tooling. One uses minimum tooling. i.e. no duplication of basic tool 
sets. section 8.3.1. Another level uses restricted tool duplication. Tools to be 
duplicated are chosen on the basis of a tool duplication heuristic rule. section 
8.4.3.$'. At the third level machining is not constrained by tooling but only 
by machine processing capabilities. This is referred to as the full tool 
replication case. In this case the machines within each machine group are 
identically tooled. Tool loading is performed only once at the beginning of 
the planned manufacturing period. 
The planned set of experiments are set-up to study the impact of different 
tooling levels and tooling configurations on FMS performance measures. 
This is studied for different scheduling rules and different part mixes. The 
tooling configurations are designed using the heuristic rules for tool 
grouping. section 8.4. 
Dynamic Analysis Qf Pallet and TOQling Confi gurations for Different 
Scheduling Rules and Batch Sizes. 
A further important aspect of this research is the determination of the best 
number of fixtured pallets for efficiently running an FMS to manufacture a 
given part mix. A complex experiment was set-up. section 10.12. to study this 
in conjunction with a number of other factors. These include tooling levels 
for different tooling arrangements. different scheduling rules and 12 
different levels of assembly set batch size. ASBS. An assembly set batch is a 
number of identical AS's which are released together into the system. 
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The interrelationships between these variables are studied in order to define 
the best combination of the levels of these factors to achieve high operating 
efficiency. 
10.4 
10.4.1 
10.4.1.1 
TOOLING CONFIGURATION DESIGN FOR MINIMUM TOOLING 
REQUIREMENTS WITH MULTIPURPOSE MACHINES FMS'S-EXPERIMENT 1 
Phase 1 
Objective 
The objective of this study is to investigate the design of tooling 
configurations for the modelled FMS with mUltipurpose machining stations. 
and to evaluate the effectiveness of the heuristic tool combination rules 
developed in section 8.4. for generating those configurations. 
10.4.1.2 Introduction 
In this pan of the research the minimum number of tools required to 
process a pan mix is to be adopted to study the influence of different tooling 
configurations on FMS performance. 
Tooling configurations are to be obtained from the available tools combined 
in groups which will be loaded into the machines. Under minimum tooling it 
is considered that no basic tool set will be duplicated. 
The basis for evaluation will be the analysis of the FMS performance results 
for the tooling configurations generated and also their comparison with the 
FMS performance obtained for a set of randomly generated tooling 
configurations. 
10.4.1.3 Experimental Set-up 
PHYSICAL EMS CONFIGURATION 
The FMS system. figure 10.2.1. consists of four machining stations (MC). a tool 
central store and a palletising and central storage area with a capacity for 13 
fixtured pallets. A funher back-up store holds the remain available pallets 
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which will be kept empty unless they are transferred to the central store of 
palletised work. The total number of pallets is 16. 
Machining Stations 
In this experiment machines are considered to be similar and mUltipurpose 
in such a way that any of them can take any different tool group to carry out 
processing operations. Each machine is assumed to have a magazine capable 
of holding up to 100 tools. 
In front of each machine is a buffer consisting of a two position shuttle. A 
single position pallet carrier transfers pallets between the part store and 
each of the machine shuttles. 
A maximum of twenty one basic tool sets corresponding to the twenty one 
different part operations to be carried out on the part mix are initially 
combined into eight basic tool groups. table 10.4.1. appropriate to the part 
operations accommodated on each of the eight different fixtured pallets. This 
resulting tooling configuration Is referred to as the basic tooling 
configuration. section 8.3.2. 
Machine set-up 
The machine set-up involving tool replacement. is carried out by the two 
available palletisation operators. 
Part mix. fixtured pallets. pallet stores. clamping and loading areas. operators 
and other physical data have been described in section 10.2. Processing data 
for the 21 part operations is shown in table 10.2.2. 
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ORGANIZATIONAL AND QpERATING CONSIDERATIONS 
Pans and tools routing flexibility 
The multipurpose nature of the FMS machining centres allows any different 
pre-defined tool group to go to any machining station to carry out 
appropriate processing operations on the part mix. However, since minimum 
tooling is to be investigated in this experiment an operation can only be 
carried out in a unique machine at a given instant. Such a machine has 
either to have tools, for processing the part, already loaded in it, or have 
tools available to be loaded into it. In the first case no alternative part 
routing is provided; in the second however, before tools are loaded, the 
maximum routing flexibility is available. 
The choice of a machine is dependent on system state conditions, in 
particular on machine state, and also on the manufacturing control strategy 
adopted. 
Manufacturing Control Strategy 
a) Job Release 
A job releasing switch based on a minimum system work load is used to 
release work into the system, section 10.2.5. The work is released on an 
individual assembly set basis, i.e. ASBS, section 10.3, of one is used. Thus work 
load includes parts which are actually being worked on and is equivalent to 
four working hours per machining station. This value of the workload is 
shown, section 10.6, to be a reasonable workload. 
The job to be released is chosen on a FCFS basis, section 9.5.1. 
b ) Operational Control 
b.l) Priority Rules 
From the range of static and dynamic priority rules referred to in section 
. !;}. 7.2 a rule based on the timing of job entry in the system is used. The rule 
used gives identical priority to the parts for assembly sets or batches which 
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are released in the same shift. Parts for assembly sets or batches loaded in 
later shifts have lower priority. 
For identical priority at a work station. the rule selects the part or pallet 
which is first in the queue. This rule will be referred as FCFS scheduling 
rule. 
b.2) Pallet Priority 
Due 10 the variety of parts which can go on a pallet the pallet priority is 
made equal to the highest of the part priorities. section 9.7.2.2. 
TOOLING CONFIGURATIONS 
Complete enumeration has already been shown. section 8.2. to be an 
inadequate method of generating practical tooling configurations. There 
remains therefore two basic approaches: 
1 -Random combination of tool groups and 
2 -Use of heuristic rules 
1 - Random Combination 
Tooling configurations based on random combination of the available tool 
groups in an existing configuration are successively obtained by randomly 
choosing two such tool groups which will be combined into one. It is 
assumed that tool combination is unconstrained by magazine size. 
This tool combination approach starts from an initial tooling configuration. 
This is the basic tooling configuration. BTC. as defined in table 10.4.1. 
The random combination cycle ends when a configuration is obtained with 
as many combined tool groups as there are machining stations to accept 
them. Since there are four identical multipurpose machining stations and an 
initial tooling configuration with eight tool groups. four additional tooling 
configurations are obtained for each random generation cycle. A typical set 
of tooling configurations. generated in this way is shown in table 10.4.2. 
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2 - The use Qf heuristic rules 
Four heuristic rules described in sectiQn 8.4 are compared with each other 
and also compared with the random generation rule. 
To recap, the heuristic rules are: 
Rule A - Least utilized tool groups rule. 
Rule B - Lowest to highest parts ratio (WPR) rule, 
Rule C - Highest to highest WPR rule. 
Rule D - Ungrouping-regrouping rule. 
Due to their nature, rules A. B.. and Co only generate, n, tooling configurations 
each with: 
n= NTO.-m 
1 
NTO. - Number of tool groups in an initial solution 
1 
m - Number oC machining centers in the configured FMS. 
The initial basic tooling configuration used in this experiment has eight tool 
groups and since four machining centres are available then n. will be Cour. 
Therefore each of these rules will generate four tooling configurations. 
Rules ll. may generate any possible number of tooling configurations limited 
however to the maximum given by the mathematical recurrence formula 
(8.S) developed in section 8.2. 
10.4.1.4 Results and discussion 
Each generated tooling configuration was evaluated by running the 
simulation model as configured. 
The simulation time required for a simulation run is on average 3 minutes of 
CPU time on a Prime 700 mini computer for each three eight hour shift 
simulated manufacturing periods. 
148 
A sample of 6 sets of four tooling configurations each was randomly 
generated. This is a total on average 6 times more than the configurations 
needed to be generated by each of the A B or C heuristic rules. 
The randomly generated configurations and the FMS performance measures 
under each one are shown in table 10.4.2 together with the BTC for the part 
mix. An overall average for each measure as well as their ranges are also 
shown. These results can be compared with those obtained under the 
heuristic tooling configuration design rules shown in table 10.4.3. 
Figure 10.4.1 illustrates the differences in the two main performance 
measures considered. 
The application process of heuristic tool combination rules and resulting 
tooling configurations are shown in appendix 3. 
DISCUSSION 
As would be expected in general the heuristic rules are better than the 
random rule in finding tooling configurations which perform well. 
In average terms heuristic rules give utilizations considerably above that 
obtained for the random rule. The same pattern is also noticed for the 
number of finished assembly sets (AS) during the three eight hour shift 
running period. This number was on average 4.69 for the heuristic rules and 
only 3.2 for the random rule. tables 10.4.2 and 10.4.3. Average machine 
utilization was 0.857 for the heuristics and 0.703 for the random strategy. 
Rule D shows. in the case studied. a better behaviour than any other. With its 
use it is possible to design tooling configurations which. even under no tool 
set duplication. are capable of yielding a relatively high number of 
assembly sets and good machine utilization. 
In addition. performance variations between the tooling configurations 
generated by the tooling combination rules for both utilization and finished 
sets are considerably smaller than those of the random rule. table 10.4.2. In 
this sense rule D also has the best performance. 
Utilization variation is around 0.53 for the random tool combination strategy. 
and only 0.14 for the heuristics. table 10.4.3. On the other hand finished sets 
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vary between 4 and 6 for the heuristics and zero and 5 for the random 
strategy. Thus it is possible to conclude that the heuristics are undoubtedly 
better than the random strategy. However tooling configurations obtained 
under some of the heuristics do present considerable variations in 
performance. Therefore it is necessary that tooling configurations are well 
designed to guarantee the achievement of production performance 
objectives. 
In this respect. under the environment of this experiment the heuristic 
rules discussed. and in particular rule D. have shown to be good useful aids. 
for that design. It must be pointed out that rule D is normally applied to a TC 
obtained from application of other rules and usually with the aim of finding 
new configurations under which FMS performance can improve. In this 
case rule D was applied to TC9 improving utilization from 0.872 to 0.93 and AS 
from 4 to 6. 
10.4.1.5. Main Findings 
From the results and discussion of this experiment a few major findings can 
be stated: 
1 • Under fixed minimum tooling resources tooling configuration greatly 
affects FMS performance. As a consequence there is a need to correctly 
identify those tooling configurations which can achieve best FMS 
performance objectives. 
2 • This identification can be carried out effectively through the application 
of heuristic tool group combination rules. 
3 • It has been shown for the FMS configuration studied that the heuristics 
developed perform better overall then a random strategy in achieving both 
high FMS utilization and high assembly set throughput per manufacturing 
period. 
4 • In the environment of the experiment it was shown that without tooling 
duplication good system performance can be obtained. 
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However. this is obviously dependent on a number of factors. one of which is 
pan mix processing requirements. Thus. if a single type of pan is to be 
processed within the FMS it is natural that tool duplication will be required. 
As pan variety increases such requirements will be reduced. 
5 - We can also conclude that pooling machines to provide simultaneous pan 
routing alternatives may not be necessary to achieve high levels of system 
performance. In the case studied no machine pooling is possible and 
nevenheless good levels of FMS performance are obtained table 10.4.3 and 
figure 10.4.1. 
10.4.2 
10.4.2.1 
Phase 2 
Objective 
The objectives of this second phase of the experiment arc to investigate 
whether or not the findings obtained in the first phase under the FCFS rule 
related to the tool combination heuristic rules can be applied to the situation 
when the MRPAS scheduling rule. see below. is used and additionally to 
evaluate the effectiveness of this new scheduling rule in achieving the 
performance objectives. In particular its potential ability for providing 
high output of sets and high utilization under different tooling 
configurations will be investigated. 
In later experiments. e.g. section 10.12. the performance of the MRP AS rule 
will be compared with that of the FCFS rule under different FMS operating 
set-up configurations. 
10.4.2.2 Introduction 
In the first phase. tooling configurations were developed and evaluated by 
operating the modelled FMS under the FCFS scheduling rule. section 10.4.1.3. 
It is peninent to examine the possibility of designing a control strategy 
which provides better system performance under varying tooling 
configurations and operating conditions. It is imponant to obtain high 
utilization of FMS due to the high cost of such systems. 
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The scheduling rule devised is related to the requirement for achieving 
high output of sets whilst retaining high machine utilization. The rule has 
been named MRPAS - Minimum Remaining Parts of the Assembly Set. As the 
name suggests, under the MRPAS rule parts which belong to sets nearest to 
completion will be given priority. This is done not only for part assignment 
to machines and transport but also for part palletising operations. 
10.4.2.3 Experimental Set-up 
The experimental set-up is the same as the one used in the first phase of the 
experiment except that the FMS system will be operated under the new 
scheduling MRP AS rule, instead of the FCFS. 
10.4.2.4 Results and discussion 
Tooling configurations under no tool set duplication were designed by means 
of the four heuristic tool group combination rules A, B, C and D, section 8.4, 
and the iterative use of the simulation model just as was done in phase I, 
section 10.4.1 
The tool set composition of each tooling configuration is shown in table 
10.4.4, which also includes the values of average machine utilization and 
output of assembly sets for the running period. 
A comparison of performance results under the MRP AS rule, table 10.4.4, and 
the results previously obtained for the FCFS rule, table 10.4.3, is shown in 
figure 10.4.2 . 
It can be seen that, in general under MRP AS scheduling the heuristic tool 
group combination rules considered in this phase perform consistently 
better than under FCFS. This is particularly so for sets output although 
machine utilization is also, on average, better under MRPAS for the 
heuristics rules taken overall. Among rules A, B and C rule B is the one 
which performs the best with a maximum of 6 sets output for every tooling 
configuration generated and average utilization of 0.896. But again rule D 
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performs best as has already happened when running the FMS under the 
FCFS scheduling rule. 
At this stage it is not immediately clear why utilization is better under the 
MRPAS rule. Further experimentation carried out later, mainly in section 
10.12, will to some extent clarify this. 
Under no tool set duplication there are tooling configurations, e.g. TC9, TC13 
and TCI4, table 10.4.4 for which the FMS performance is high, which, 
because of having as many tool groups as there are machines, once loaded 
into the machines no part routing alternatives are provided, i.e. a given 
operation can only be carried out in the single machine which has the 
right tools. 
10.4.2.5 Main Findings 
1 - The conclusions reached in the first phase under the FCFS scheduling 
rule are valid for an identically configured FMS operated under the MRP AS 
scheduling rule. 
2 - For the multipurpose machining station FMS operated under minimum 
tooling, in general the MRP AS rule performs better than the FCFS· rule. The 
MRP AS rule is consistent in leading to high FMS utilization and particularly 
to high output of assembly sets. 
3 - Heuristic tool combination rule D performs better than the other tool 
combination rules for both FCFS and MRPAS scheduling rules. 
10.5 RANDOMlZATION OF PART TYPES WITHIN AsSEMBLY SETS-
EXPERIMENT 2 
10.5.1 Objective 
The objective of this experiment is to test w~ether the deterministic ordered 
release of the assembly set parts has introduced a bias in the FMS results. 
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10.5.2 Introduction 
In the previous experiment. section lOA, the parts of any AS are released 
into the system in an identical and systematic order as they appear listed in 
the AS. Therefore the AS pans are always released in a deterministic pan 
type sequence. 
It may be argued that this fixed ordering of AS parts release may introduce 
a bias in FMS performance results and therefore make conclusions based on 
the previous experiments questionable. 
To investigate this possibility, a non-ordered AS pan type release strategy 
i.e., pan release in random order, has been used in this experiment. 
10.5.3 Experimental set-up 
To meet the objective of this experiment, the FMS set-up and pan-mix must 
be identical to that of the previous experiment with a basic difference 
concerning only the order of release of pans making up each assembly set. 
Thus the release of pans in this experiment is randomized in such a way 
that any of the pans, within an assembly set still to be released, can be 
released next with identical probability. This means that any time a set is 
released, a new random order by which the pans of the assembly set are 
released is generated. 
In this experiment no new tooling configurations are obviously required to 
be generated. Instead the tooling configurations generated in the previous 
experiment can and must be used. 
10.5.4 Results and discussion 
In order to reduce the amount of computer runs and simplify 
experimentation it was decided to make a selective choice of only some of 
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the 28 tooling configurations generated in the previous experiments and 
shown in tables 10.4.3 and 10.4.4. 
Twelve of these tooling configurations were selected. The criteria for 
selection was tD' choose complete sets of tODling configurations associated 
with particular heuristic tool combination rules which performed well in 
the previous experiment. 
Thus tooling configurations TC6 to TC13 from table 10.4.4 corresponding to 
rules B and C were selected and are identical to TC1 to TC8 in table 10.5.1. The 
other configurations selected were TC10 to TC13 from table 10.4.3 
corresponding to rule C and are identical to TC9 to TC12 in table 10.5.1. 
The 12 tooling configurations were run for both FCFS and MRP AS 
scheduling rules but now under randomization of the AS part release. The 
results were compared with those obtained for the part ordered release case. 
Thus, a total Df 48 simulation runs were necessary. 
The zerD hypothesis in this experiment is to pDstulate that part type ordered 
release dDes not affect significantly the performance results and therefore 
tooling configurations for which FMS performance was high/low should 
lead under part release randomization to high/low FMS performance as 
well. In other words, the mean difference between a performance measure 
under deterministic part release and randomized part release must be zero, 
Le., HO : J.L = 0 . 
Table 10.5.2 shows the differences in performance results between the two 
order release strategies. 
There is a very close similarity in the results obtained under the ordered 
pattern of part types within an AS and the random one as tables 10.5.1 and 
10.5.2 and figures 10.5.1 to 10.5.5 show. 
Moreover the trend observed under randomization of part release, for each 
of the three groups of four tooling configurations, fig. 10.5.5, is identical to 
that seen under the conditions of the previous experiment for the same 
tooling configurations. This is so not only under FCFS scheduling rule but 
also under the MRP AS rule. 
155 
Additionally under the FCFS rule, the AS output varies little for each of the 
two part release strategies considered. Thus for 50% of the runs, AS output 
is the same under each of the strategies. From the remain pairs 11 show a 
variation of only one AS and for one pair there is a variation of two AS. 
The results were tested at 5% significance level, using a two sided Hest for 
each of the four differences corresponding to the four columns of table 
10.5.2. 
Two sided t-test of significance of the results 
In general, since the mean of the difference between the values of· the 
performance measures should be zero, the null hypothesis is: 
HO: 11=110 
with 110 = 0 
And for a 5% significance level ta,n-l is 10.025,11 = 2.201 
C ASH I: Machine utilization difference under MRP AS 
n 
Xl = 2. XliI n 
i~1 
Xl = - 0.087/12 
:E Xli2 = 4.739 • 10-3 
Sl = -.J ( ( :E xli 2 ) - xl 2 ) I (n -1 ) 
h011 = I(X1-0)/(Sl/..Jn)I 
Xl = -7:25 • 10 -3 
Sl = 0.0193256 
11011 = 1.3 < 2.201 = 10.025,11 
Since 1t0l1 < 10.025,11 there is not enough evidence to reject the null 
hypothesis and it is therefore possible to cooclude that utilization under the 
MRP AS rule does not vary significantly when deterministic release of AS 
parts is compared with randomized pan release. 
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CASE 2: Machine utilization difference under FCFS 
n 
X2=L,x2i/n 
1-1 
X2 = -0.145/12 X2 = -1.2 * 10 -2 
l:: X2i2 = 5.77 * 10-3 
S2="'; ( ( l:: X2i 2 ) - X2 2 ) 1 (n-l) s2 = 0.0191 
Since It021 < to.025,11 there is not enough evidence to reject the null 
hypothesis and it is therefore possible to conclude that utilization under the 
FCFS rule does not vary significantly when deterministic release of AS pans 
is compared with randomized pans release. 
CASE 3: AS output difference under MRPAS 
n 
x3= L, x3i/n 
1_1 
X3 = -2/12 
l:: X3i2 = 6 
S3="';( (l:: X3i2 ) - X3 2 ) 1 (n-1) 
It031 = l(x3-0)/(S3r1ii) I 
X3 = - 1/6 
s3 = 0.75878 
Ito31 = 0.761 < 2.201 = to.025,l1 
Since It031 < to.02S,ll there is not enough evidence to reject the null 
hypothesis and it is therefore possible to conclude that assembly sets output 
under the MRPAS rule does not vary significantly when deterministic 
release of AS pans is compared with randomized pans release. 
CASE 4 : AS output difference under FCFS 
n 
X4=L,x4i/n 
1.1 
X4 = 5/12 
L X4i2 = 9 
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S4=--/( ( !. X4i 2 ) - X4 2 ) 1 (n-l) 
1t041 = I(X4-0)/(S4/"hl) I 
X4 = 0.41666 
s4 = 0.79296 
Ito41 = 1.820 < 2.201 = to.025.11 
Since It041 < to.025.11 there is not enough evidence to reject the null 
hypothesis and it is therefore possible to conclude that AS output under the 
FCFS rule does not vary significantly when deterministic release of AS parts 
is compared with randomized parts release. 
10.5.5 Main conclusion 
The deterministic release of the parts of an AS. adopted in the previous 
experiment does not introduce any significant difference in the FMS 
performance results when compared with the randomization of AS part 
release into the system. 
10.6 FMS PERFORMANCE SENSITIVITY TO SYSTEM WORKLOAD UNDER 
DIFFERENT TOOLING CONFIGURATIONS 
10.6.1 Objective 
To study the interrelated influence on FMS performance of different work 
loads and tooling strategies. 
10.6.2 Introduction 
Typical management . aims in operating FMS's are to achieve high system 
utilization and low job throughput time. These are usually seen as two 
objectives which pull in opposite directions . 
Two factors which might affect the two performance measures are the 
amount of work released into the system and tooling strategies under which 
the FMS is operated. 
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10.6.3 Experimental Set-up 
The system work load was studied for a number of levels. figure 10.6.1 under 
two different tooling configurations chosen from among the set of 
configurations under minimum tooling requirements shown in table 10.4.3. 
The basic tooling configuration. TCl. was chosen together with the best 
performing configuration under experiment 1. phase 1. namely 
configuration TCI4. 
The FMS was set-up as in the first phase of experiment 1 and operated under 
the FCFS rule. 
10.6.4 Results and Discussion 
The results of the simulation experiment are summarized in figures 10.6.1 to 
10.6.3. 
It is clear that different work loading levels within the FMS do affect 
differently machine utilization and assembly set throughput time. 
Generally machine utilization increases with system work load and tends to 
stabilize at a level dependent upon the tooling configuration. However the 
assembly set throughput time index. ASTTI section 10.1.1. keeps increasing 
as the load level increases. This pattern is the same for both tooling 
configurations although one of them. viz TCI4. consistently exhibits 
considerably better average machine utilization. figure 10.6.1. throughout 
the whole range of the system work load. Up to the load used in the previous 
experiment corresponding to a level of 960 min. there is little difference in 
assembly set throughput time. figure 10.6.2. and also in work in progress. 
w.i.p.. figure 10.6.3. for the two tooling configurations. At higher load 
levels the differences in ", each of the two measures for the two tooling 
configurations become greater. The difference in utilization under the two 
tooling configurations. is large and almost constant over the load range. 
The results also show that with a load level of 960 min two highly different 
levels of utilization directly linked to the tooling strategy adopted. are 
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obtained without noticeable differences in job throughput time and work in 
progress, figures 10.6.2 and 10.6.3. 
The results suggest that before a given part mix is manufactured in an FMS 
operated' under conditions similar to those of this experiment, the following 
steps should be taken: 
1 -Determine the system loading level after which utilization does not 
increase significantly 
2 -Por that load level, check that the average job throughput time is 
acceptable according to manufacturing objectives. 
3 -Choose the "best" performing tooling strategy. 
4 -Run the FMS under the "best" tooling strategy at the system loading 
level determined in step 1. 
5 -If condition 2 is not met, change the loading level to that which 
gives the desired throughput time. This results in a trade-off with 
utilization which, as a result of a reduction in loading level, tend to 
decrease. 
10.6.S Main Findings 
1 -The loading level of 960 min, two shifts of work load, which has been 
adopted in the previous experiments is shown to be a reasonable value for 
the following reasons: 
a)-The average system utilization tends to stabilize near this value, 
b)~Assembly set throughput time and particularly w.i.p. start 
showing large differences for different tooling configurations after 
that loading level, and 
c)-System utilization difference is almost constant over the load 
range. This allows the conclusion that the previous findings from 
the experimentation on tooling configurations are likely to be valid 
for a large range of workloads. 
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2 -A "good" tooling strategy gives better utilization over the whole range of 
system loading than does a "poor" strategy. 
3 -Increase in machine utilization can be achieved in three ways: 
a)-by increasing the loading level. However as machine utilization 
increases work in process and job throughput time also increases; 
b)-by adopting better performing tooling strategies. In this case 
machine utilization can increase without increasing w.i.p. or job 
throughput time for a specific load level.; 
c)-by adopting both steps a) and b). 
4 -It is possible to identify a work load level. for each tooling configuration 
after which machine utilization is likely to be constant.· 
In addition any increase in workload beyond such a level tends to increase 
considerably both assembly set throughput time and work in process 
without having any noticeable benefits on machine utilization. 
10.7 
10.7.1 
FULL TOOL REPLICATION IN MULTIPURPOSE MACHINES FMS'S-
EXPERIMENr 4 
Objective 
The objective of this is to study system performance behaviour under 
maximum machine pooling. chapter 7. using the FCFS scheduling rule. 
10.7.2 Introduction 
When fulI tool replication is provided in every machine of an FMS then a 
Single Stage System results. This creates the simplest work flow system 
possible namely the single stage FMS83. Moreover not only is the maximum 
degree of machine pooling achieved but also; consequently. real-time 
maximum simultaneous alternative pan routing is available. 
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In the previous experiments it was seen that it is possible to achieve good 
system efficiency with . the minimum number of tools. without tool set 
duplication. 
Other investigations 1 0 8 have suggested that pooling machines together 
increases FMS performance. This can be explained in pan by the provision 
of a larger number of alternatives for assigning pans to machines. 
10.7.3 Experimental Set-up 
In this experiment maximum machine pooling is achieved by providing the 
identical machining centres of the FMS with identical tool groups. Each of 
these contains the tools to perform all of the manufacturing operations in 
the pan-mix. 
Apan from the tooling arrangements the FMS configuration. figure 10.7.1. 
is the same as the first experiment.phase I. section 10.4.1.3. 
Once tools are loaded at the initial stages of the FMS running period. no 
more tool ~oading/unloading is necessary. The assumption is made that tool 
life has been accounted for to achieve such an objective. In this situation. 
the tooling strategy is fixed i.e. the system contains a maximum number of 
tools. 
10.7.4 Results and Discussion 
Performance results under full tool replication can be compared with those 
under no tool set duplication which are summarized in table 10.4.3. In 
panicular a comparison can be made with the performance under the best 
performing configuration. TCI4 in table 10.4.3 for minimum tooling. figure 
10.7.2. 
Output of assembly sets for the planned period is the same for both cases. 
But full tool replication provides slightly better overall utilization. 
Synchronization of work flow is also slightly better for full tool replication. 
In fact although the same 6 AS output is obtained under both tooling 
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configurations. for the 3 eight hour shifts running period. under the full 
replication case only one part type. namely part type I. is preventing the 
AS output from reaching 7 AS while under TCI4 the completion of 3 part 
types would be required to achieve the same objective. 
This synchronization can be explained by the highest routing flexibility. 
provided under full tool replication. and also by the FCFS sequencing 
priority mechanism. This gives priority to parts of the assembly sets which 
are released first into the FMS. This priority determines the part flow which 
is not constrained by tooling under full tool replication. This is not the case 
under minimum tooling because tooling restrictions. in this case. tend to 
direct parts to certain machines. without alternative part routing. This is 
likely to delay parts which have high priority. i.e. from first assembly sets 
loaded. because alternative machines are not available. 
For the configured FMS it is also noticed that the w.i.p .• measured as the 
number of AS in process and the number of parts in process. figure 10.7.2 
b) and c). is higher for full tool replication than for minimum tooling. 
However the results show such small differences in performance between 
the two tooling configurations that it is difficult to state that. in this 
configured FMS and for the part mix considered. the full tool replication 
performs overall better than the minimum tooling strategy. It is however 
clear that only for very well performing tooling configurations. for the 
minimum tooling case. can the FMS performance approximate that obtained 
under full tool replication. Moreover. if high FMS performance is to be 
achieved under minimum tooling then a diversity of parts with different 
processing routes are required when running the FMS. 
10.7.S Main Finding 
With full tool set replication and for the part mix and machine 
configuration used. there was little difference in machine utilization 
compared with the use of minimum tooling under the best tooling strategy. 
Also. output of assembly sets was identical. Moreover there is a larger 
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average of w.i.p under full tool replication as figure 10.7.2 b) and c) 
suggests, than under minimum tooling. 
Hence, operating FMS under complete machine pooling by providing every 
machine with all the tools for the running part mix does not necessarily 
guarantee better overall system performance than that which could be 
obtained operating the FMS under a tooling strategy which minimizes tool 
set duplication. 
10.8 RESTRICI'ED TOOL DUPLICATION IN FMS WITII MULTIPURPOSE 
MACHINES CONSIDERING ALTERNATIVE PART MIXES-EXPERIMENT 5 
10.8.1 Objective 
The objective of this simulation study is to examine tool duplication 
strategies with alternative part mixes. 
10.8.1 Introduction 
One of the difficulties that usually arises in FMS is the determination of the 
minimum level of tool duplication for efficient system operation. Another is 
establishing tooling strategies using available tools which achieve high 
system performance. This experiment is concerned with these two aspects. 
Four heuristic rules have been shown to perform well in defining tooling 
strategies for efficient FMS operation under minimum tooling i.e. with no 
duplication of tool sets, section 10.4. 
A tool duplication heuristic rule, rule E. section 8.4.3.5, was also defined with 
the objective of minimizing tool duplication within FMS. This rule 
essentially proposes stepwise duplication of those tool groups which are 
highly utilized and are used to process parts which are restricting the 
output of completed assembly sets. 
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10.8.3 Experimental Set-up 
The FMS physical configuration is identical to the one used in experiment I 
section 10.4.1. 
Since the FeFS scheduling rule was shown in section 10.4.2 to perform 
worse overall than the MRPAS rule in meeting the FMS multiple 
performance objectives then the MRPAS rule is adopted in this 
experimental work. 
10.8.3.1 Part Mixes 
The experiment will be carried out for two part mixes: 
-Part mix A and 
-Part mix B 
The structure of part mix A is shown in tables 10.8.1 and 10.8.2, which give 
quantities required per assembly set and part-operation processing times. 
The parts of part mix A, which are also considered to be prismatic. arc 
clamped onto six fixtured pallets in the configuration shown in figure 
10.8.1. 
For mix A six basic tool groups are defined. table 10.8.3. which correspond to 
the part-operations grouped for processing on each of the six pallets. 
Part mix B is the one used in experiment 1, and data related to this mix is 
shown in tables 10.2.1 and 10.2.2 and figures 10.2.2 and 10.2.3 . 
10.8.4 
10.8.4.1 
Results and Discussion 
Part Mix A 
FMS performance under no tool set duplication. 
From figure 10.8.2 it can be seen that average machine utilization is low and 
that output of assembly sets is restricted due to low workpiece parts ratio. 
WPR. of part type 1. 
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Analysis of the results in conjunction with the tool duplication heuristic 
rule E indicates that the first basic tool group should be duplicated. because 
it is very highly utilized and required to process part type I with the lowest 
WPR. 
EMS Perform aDce Under Tool Duplication 
The results show a considerable improvement in system performance by 
simply duplicating the 1st basic tool group. The resulting tooling 
configuration TC2 shown in both table 10.8.4 and figure 10.8.3 includes a 
new. 7th tool group. identical to the 1st. 
It can be seen that machine utilization increased from 0.672 to 0.800. i.e. 
improved by an absolute value of 0.128 corresponding to a relative increase 
of 19.05%. The increase of assembly sets output during the three eight hour 
shift running period was even larger. namely from 3 to 5 AS's 
corresponding to a relative increase of 66.7%. 
Additional searching for new configurations. without altering the level of 
tool duplication. by applying tool group combination rule A. shows it to be 
possible to improve still further the FMS performance. Thus average 
machine utilization could have an additional increase of 0.073 
corresponding to an increase of 9.13% in relation to the initial tooling 
configuration under tool duplication. namely configuration TC2 of table 
10.8.4. 
Output· of assembly sets is shown to be less sensitive to tool configuration. It 
actually did not change in spite of improved utilization. 
By extending still further the search for new tooling configurations using 
now the ungroup·regroup rule D. utilization was taken to 0.929 for a 5 
assembly· set output. This means that there was an increase in processed 
work but not enough to complete further assembly sets within the running 
period. This was only achieved for tooling configuration TC9. obtained 
through further application of rule D. which produced the highest 
assembly sets output. namely six. and practically the highest machine 
utilization possible • namely 0.924. 
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Relative to the basic tooling configuration twice the number of assembly 
sets are produced and the average machine utilization also increased from 
0.672 to 0.924 Le. an increase of 37.5%. 
Such improvements were achieved in two ways: 
1 - by restricted and controlled tool duplication. 
2 - by searching for good tooling configuration through the 
application of heuristic rules. 
The rules behaved well in establishing tooling ~trategies for efficient F M S 
operation. In panicular the ungroup-regroup rule once again has shown 
consistency in developing efficient tooling strategies. 
10.8.4.2. Pan Mix B 
A considerable number of tooling configurations were developed in 
experiment 1. section 10.4.1.4. for pan mix B. 
It was possible to show that a high level of FMS performance could be 
obtained without tool set duplication table 10.4.3. Therefore the scope for 
improving tooling strategy through tool duplication. is small in this case. 
Nevertheless. it is imponant to know if under such circumstances tool 
duplication has some impact. 
By using the tool duplication rule an attempt was made to improve FMS 
performance beyond that obtained under the most efficient too li n g 
configuration namely configuration TC14 of table 10.4.3. section 10.4.1.4. 
Since the lowest WPR is that of pan type 1 and the most utilized basic tool 
group for this pan is BTG No.! than this tool group is duplicated. The 
resulting tooling configuration is TC14 plus BTG No.! which contains tool 
sets 1 and 2. 
The results. figure 10.8.4. show that overall performance under tool 
duplication has not improved. 
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This lack of improvement in performance can be explained by the fact that 
under no tool duplication, tooling operational configurations were found 
which practically achieved maximum FMS performance. 
10.8.5. Main Findings 
1 • Tool set duplication, within FMS's, for efficient operation is primarily 
dictated by pan mix processing requirements. 
2 -Under some pan mixes there is no significant advantage in duplicating 
tools in different machines although they are able to process identical 
operations. It is therefore necessary to identify which tools should be 
duplicated, if any, to guarantee high system performance. 
3 -The methodology presented for identifying the minimum quantity of 
tools and their type as well as to design good tooling configurations, based 
on the simultaneous use of both a set of heuristic rules and the simulation 
model developed, has been proved to achieve good results. Thus it is possible 
to identify the tools which must be duplicated as well as to define tooling 
configurations to run FMS's which guarantee high system performance. 
4 -It was shown that the "tool ungrouping-regrouping" heuristic rule D 
helps to generate high performing tooling configurations even w hen 
applied to the best tooling configurations formed by other heuristics. 
10.9 
10.9.2 
MINIMUM TOOLING REQUIREMENTS FOR FMS WITH LIMITED PURPOSE 
MACHINES-EXPERIMENT 6 
Objective 
For the sake of clarity this experiment will be divided in two phases. In the 
first one this work investigates whether the conclusions from the study on 
tooling strategies for FMS with multipurpose machines can or cannot be 
extended to FMS's with more specialized machining stations and therefore to 
potentially less flexible systems. 
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In particular. at this stage. the case of efficient system operation without 
tool set duplication will be analysed. 
Thus tooling configurations will be developed based on the same heuristics 
developed in section 8.4. 
In the second phase the problem of FMS balancing is raised and the 
ungrouping-regrouping heuristic rule will be applied to seek improvement 
of the results from the . first phase. 
10.9.2 Introduction 
The set of experiments previously carried out have considered that the 
machining stations within the configured FMS's were identical or at least 
similar enough. provided tools were available. to perform any processing 
operation in a scheduled part mix. The findings may be only applicable to 
very versatile FMS·s. Therefore it is pertinent to investigate whether or not 
the methodology to generate tooling configurations for system operation 
under different control strategies can successfully be extended to less 
versatile FMS's and whether the general conclusions of previous 
experiments can also be applied to these systems. 
10.9.3 
10.9.3.1 
Phase I-Use of Heuristic Sequential Rules Only 
Experimental Set-up 
FMS Physjcal Confj~ratjQn 
A model of a four machining station FMS will be configured comprising two 
groups of machines each with limited purpose machining capabilities. Each 
machine in the group is only able to process a restricted number of 
operations on the part mix. 
Each of the two different groups have two identical machines. i.e. machines 
which can process the same restricted range of operations. A schematic 
representation of the configured FMS is shown in figure 10.9.1. 
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The same eight basic tool groups without duplication. adopted in experiment 
1. section 10.4. will also be used. There is however an essential difference. 
Tool groups are restricted to particular machine groups as figure 10.9.1 
illustrates. 
Because there are no duplicated tool sets. no two machines can 
simultaneously provide a processing destination for a given part operation. 
i.e. simultaneous alternative part routing is not available. 
Part mix 
The nine part types described in section 10.4 are adopted in this 
experiment. As before. parts must be manufactured so as to provided a 
steady outflow of finished assembly sets. 
Other Aspects 
All other aspects of the model. i.e. palletisation structure. system 
configuration and system operation are as in experiment 1. section 10.4. 
Two heuristic tool group combination rules were used. namely the "lowest to 
highest output parts ratio". rule B and the "highest to highest output parts 
ratio. WPR". rule C. 
These have been shown to perform well in establishing tooling strategies 
which lead to high system performance. 
Some of the tooling configurations were obtained by successive iterations 
using the scheduling rule MRPAS. (Minimum Remaining Parts in Assembly 
Set). and others the FCFS rule. section 10.4.1.3 . 
10.9.3.2 Results and Discussion 
A total of thirteen tooling configurations. table 10.9.1. were defined with 
the help of the heuristics and simulation model. Thus TC2 to TC9 were 
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developed using tool heuristics B and C and FMS operation under the FCFS 
rule. The TCI0 to TC13 configurations were obtained by applying tool 
heuristic B and operating the FMS under the MRP AS rule. 
All of the tooling configurations obtained were then tested using the two 
scheduling rules. i.e. under MRP AS and FeFS. The tooling configurations 
and all associated performance results under the two scheduling rules are 
shown in table 10.9.1. 
Figure 10.9.2 and 10.9.3 are graphical representations of the two FMS 
performance measures. The results show that both heuristic tool group 
combination rules perform well. They lead to tooling configurations which 
can provide not only good levels of system utilization but also a high 
number of finished assembly sets for the running period. 
However. some of the configurations developed under the FCFS scheduling 
rule. figure 10.9.2 do not perform well in terms of assembly sets output. for 
it is seen that with some tooling configurations a very low number of 
assembly sets is finished during the running period. We can therefore 
conclude that the FCFS rule in conjunction with the two heuristics does not 
show consistency in generating tooling configurations which can provide 
for good overall FMS performance. 
A similar analysis under the MRPAS rule. figure 10.9.3. shows that this rule 
is more consistent in helping to generate tooling configurations which in 
general perform well. These also perform well when the system is operated 
under the FCFS rule. 
Conversely. it is seen that tooling strategies that give poor assembly sets 
output under the FCFS rule perform well under MRPAS giving good levels of 
assembly sets output. 
It appears that FMS performance is firstly restricted by the tooling 
configurations adopted but. in this case. is also very sensitive to the 
scheduling rule used. 
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10.9.3.3 Main Findings 
1 -The findings obtained under experiment 1. section 10.4.2.4 can in general 
be extended to less versatile FMS. 
2 -For this case FeFS and MRPAS scheduling rules can have markedly 
different influences on system performance. With limited purpose 
machines it appears that the scheduling rules show larger performance 
differences than with highly versatile FMS systems. section 10.4.1.4. 
3 -Although tooling strategies can be seen. as a major limiting factor to the 
level of performance which an FMS can achieve. it was shown. in this case. 
that it is under the MRPAS scheduling rule that the best potential 
performance under most of the tooling strategies can be realized. 
10.9.4 
10.9.4.1. 
Phase 2 - Seeking Maximum Performance Through 
the "Ungrouping-Regrouplng" Tool Combination 
Heuristic Rule 
Objective 
The objective of this phase of the study is to investigate the extent to which 
new tooling configurations. without tool set duplication. can be generated 
through the use of the ungrouping-regrouping tool combination heuristic 
rule D. section 8.4. which can perform better than the configurations 
already developed. table 10.9.1. in phase 1 of this simulation experiment. 
It is also intended to evaluate the effectiveness of the heuristic in leading to 
high performing tooling configurations. under no tool set duplication. for 
FMS with limited purpose machines. 
10.9.4.2. Experimental Set-up 
The results of the first phase of the study have indicated that generally the 
MRPAS scheduling rule is better than the FCFS rule in meeting the two FMS 
performance objectives. namely high FMS system utilization and high 
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output of assembly sets for the FMS running period. For this reason only 
the MRPAS will be used. 
In all other aspects of FMS operation and physical configuration the 
experimental set-up is identical to that used in the first phase. 
10.9.4.3. Results and Discussion 
Table 10.9.2 shows the results under tooling configurations TC14 and TCI5 
developed as a result of applying the Ungrouping-Regrouping heuristic 
tool combination rule. rule D. to tooling configuration TCI3. The sequential 
tool group combination process that led to the generation of the tooling 
configurations TC10 to TC13 of table 10.9.1. is represented in figure 10.9.4. 
The figure also shows configurations TC14 and TC15. 
Application of rule D led to tooling configurations which offer considerably 
better machine utilization than any previously generated configuration. 
Moreover the assembly sets output remain reasonably high at four finished 
assembly sets. 
Influence of EMS Work LQad Balancing on System Utilization 
It can be argued that although better performing tooling configurations 
were obtained through the application of rule D. the 0.835 utilization value 
for the best performing configuration •. TC15. figure 10.9.4. can be 
considered low when compared with the maximum of 0.957 which was 
obtained under full tool replication for the multipurpose machines FMS. 
section 10.7. However there is a constraint which limits the maximum 
utilization which can be obtained. This limitation is imposed by the work 
imbalance within the FMS as explained below. 
Normalized Machine Utilization 
Figure 10.9.5 is a similar representation of the results shown on figure 
10.9.4. with the difference that a normalized utilization measure has been 
used. 
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The normalized utilization is a relative value determined on the basis of the 
degree of balance. section 10.1.1. or maximum theoretically possible 
machine utilization. UT. for a given scheduled part mix or assembly sets 
mix. 
To achieve a balanced output of sets. one machine or in this model. one 
group of machines will be fully utilized whilst. due to the scheduling of 
assembly sets. the other group will not be fully loaded. This situation will 
always arise when the workload balance between parts is not perfect. 
In the case of the configured FMS in this study. set-up to manufacture 
assembly sets with nine different parts and a total of 21 different 
processing operations. the degree of balance is 0.876 as shown. table 10.9.3. 
The normalized utilization values associated with each configuration in 
figure 10.9.5. were obtained as the relationship between the absolute 
machine utilization and the degree of balance as illustrated in table 10.9.4. 
It is now clear that almost maximum possible machine utilization was 
obtained for at least 0 il e of the two tooling configurations generated 
through the use of the "ungrouping-regrouping" tool group combination 
heuristic rule. The greatest improvement in utilization relative to the 
initial configuration. TCl • figure 
10.9.S. is: 
100 • ( 0.953 - 0.837)/0.953 = 12.~ % 
On the other hand the utilization improvement relative to the best 
configuration obtained by applying the "Least to Highest Parts Ratio" rule. 
TC13. is: 
100 • ( 0.953 - 0.90)/0.953 = 5.6% 
10.9.4.4. Main Findings 
1 - The ungrouping-rcgrouping tool group combination rule has been 
shown to perform better than . any other rule. This has also been verified 
for two differently configured FMS·s. It seems highly likely that the rule is 
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consistent in generating tooling configurations which lead to high FMS 
performance. 
2 - Very high FMS machine utilization was obtained under no tool set 
duplication. It is concluded that the scope for improvement through either 
full tool replication in every machine within the machine group or 
restricted tool duplication is small. 
In these circumstances it would be reasonable to recommend FMS operation 
under minimum tooling because good system performance could be 
obtained under panicular tooling strategies. 
3 - Another imponant conclusion from this experimentation is that the 
degree of balance of an FMS, section 10.9.4.3, can be a limiting factor on the 
level of machine utilization that can be expected from an FMS. 
A method was devised. table 10.9.3. to determine that degree of balance 
which is essentially dependent on pan mix processing requirements in 
relation to the alternatives for work assignment to machines. 
4 - If high FMS utilization is. desired it is essential that a part mix is found 
for which the degree of balance of the FMS, is high. At best it should be 1. 
This fact however must be combined with the use of good tooling 
configurations otherwise the potential utilization is not realized. 
10.10 
10.10.1 
MAXIMUM TOOL REPUCATION IN FMS WITH LIMITED PURPOSE 
MACHINES-EXPERIMENT 7 
Objective 
The objective of this experiment is to evaluate the performance resulting 
from full tool replication in each of the machines within a group as 
compared to the minimum tooling situation. 
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10.10.2 Experimental set-up 
The physical and organizational FMS set-up is identical to that of the 
previous experiment, section 10.9. Differences concern only the amount of 
tools which can be provided simultaneously in every machine. 
In the previous experiment, section 10.9, an FMS was set-up with two 
different groups of limited purpose machines. Moreover the system was ru n 
under minimum tooling. That FMS configuration contained the most 
restrictive pan routing situation considered in this work. Increased part 
routing flexibility of the FMS can be provided through the tooling system. 
Since there are two different groups of identical machines then tools may 
be provided at each machine in a group in such a way that simultaneous 
alternative pan routing is available. This means that any pan-operation 
which is required to be performed in the machine group may be processed 
in either of the machines of the group. 
In this experiment the tools for processing the part-operations mix w h i c h 
can be assigned to a machine group are all available in any of the machines 
of the group, i.e. full tool replication in each of the machines is provided. 
10.10.3 Results and Discussion 
The· results, figure 10.10.1, show that total machine utilization under full 
tool replication is only slightly better than that obtained for tooling 
configuration TC15 under minimum tooling. 
Individual machine utilization within each group is almost identical in the 
fuU tool replication case. This is not the case for the other tooling 
configurations. Thus a more balanced use of machine resources is achieved 
as a result of using full tool replication in the machines of each group. This 
is because for the full replication case the maximum possible alternative 
pan routing is provided. Under these circumstances there is a high 
likelihood of a similar amount of work to be assigned to each machine in 
the group during the running period. 
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The imbalance in workload between the two groups is again evident. 
Utilization values. figure 10.9.4. shows that. when compared with the values 
in table 10.9.4. virtually maximum utilization is achieved in both machine 
groups for TCIS under minimum tooling and with full tool replication. Based 
on utilization alone tool replication cannot be justified. 
However. if throughput of finished sets is considered then full tool 
replication does allow rapid throughput of sets of parts. in this case 5 sets 
compared to 4 without replication. 
Therefore under the experimental set-up adopted. for the limited purpose 
machining stations case. full tool replication leads to an overall better 
performance. 
Examination of the detailed parts output. based on parts ratio.WPR. shows 
that in the case of full tool replication only part I is preventing 6 assembly 
sets being completed while for the other tooling configurations there are a 
larger number of parts contributing to that situation. figure 10.10.1. 
Thus. under minimum tooling there is a worse balance of parts output 
towards finishing assembly sets and slightly worse FMS machine utilization 
than under full tool replication. This can be explained by the restrictions 
that minimum tooling and tooling configuration design are likely to impose 
on the way that the work flows within the FMS. If a machine becomes free. 
it may not be able to load work contributing to completion of a set because 
the tools are already in use in another machine. This limitation will never 
happen under full tool replication. 
10.10.5 Main Findings 
I - Full tool replication within machine groups has been shown to perform 
well in a limited purpose machines FMS. 
2 - Full tool replication provides the best opportunity for the best 
performance of such a system. However. this performance can be 
approached with limited tooling. 
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3 - Under full tool replication a more balanced use of machine stations can 
be achieved. 
10.11 
10.11.1 
TOOL DUPUCATION WITH LIMITED PURPOSE MACHINES FMS'S-
EXPERIMENT 8 
Objective 
This experiment is set-up to study the performance of an FMS with limited 
purpose machines operated under restricted tool duplication for processing 
different part mixes. 
10.11.2 Experimental Set-up 
This experiment is equivalent to experiment 5. section. 10.8. but considers 
that machining centres are limited purpose. Thus the FMS physical 
configuration is identical to the one used in experiment 6. section 10.9.3. 
figure 10.9.1. 
Tool duplication is controlled by applying the tool duplication heuristic 
rule. rule E. section 8.4.3.5. As previously mentioned. this rule duplicates 
highly utilized tool groups used to process parts which are restricting 
output of finished assembly sets. 
Other aspects of experimental set-up arc identical to those of experiment 5. 
The MRP AS scheduling rule used in experiment 5 also used here. 
Part Mixes 
The experiment will be carried out for the two part mixes: 
-Part mix A and 
-Part mix B 
as described in section 10.8.3.1. 
10.11.3 
10.11.3.1 
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Results and Discussion 
Part Mix A 
EMS performance under no tool set duplicatjon. 
The performance of the configured FMS operated under no tool duplication 
is shown in figure 10.11.1. 
It can be seen that average machine utilization is low and that output of 
assembly sets is constrained by the low workpiece ratio of part type 1. 
Analysis of the results in conjunction with the tool duplication heuristic 
rule E indicates that the first basic tool group should be duplicated. 
FMS Performance Under Tool Duolication 
The performance of the configured FMS operated with the 1 st. tool group 
duplicated, is compared for a number of different tooling configurations. 
table 10.11.1. 
The results show a considerable improvement in system performance by 
simply duplicating the 1st basic tool group. This originates tooling 
configuration TO which includes a new. the 7th tool group. identical to the 
1st. 
With TO it can be seen that machine utilization improved by an absolute 
value of 0.056 corresponding to a relative increase of 8.3%. AS output did 
not increase. This can be explained in two ways. First because with the basic 
tooling configuration Tel. table 10.11.1. a good level of output of sets was 
already obtained. namely 4 sets. This together with the fact that three parts 
of type 1. requiring a total processing time of 390 min. i.e. 6.5 hours. are 
necessary for each new AS indicates that the scope for improving AS output 
is small. Second. to manufacture such parts the machines cannot be 
producing other parts and therefore the output of parts of other types. 
required to assemble a set. is likely to decrease. 
Additional searching for new configurations. without altering the level of 
tool duplication. bu by applying tool group combination heuristic rule B. 
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has shown that it is 
the average machin.e 
possible to further improve the FMS performance. Thus 
utilization had an additional increase of 0.052 
corresponding to a relative increase of 7.14% in relation to the 
performance of configuration TC2. Output of assembly sets was also 
improved from 4 to 5. It appears we can say that a good balance of the use of 
manufacturing equipment towards finished AS was obtained . 
. If a comparison with the maximum possible utilization is made. it can be 
concluded that practically maximum utilization was achieved under tooling 
configurations TC4 and TC5. table 10.11.1. The maximum theoretical 
utilization. imposed by both part mix and machine grouping structure. is 
0.81. table 10.11.2. Therefore the normalized utilization under TC4 is 
0.78 096 o:8i=. . 
Thus there is little scope for further improvement. 
Again it is seen that a better use of FMS capacity could be obtained if there 
was a more balanced part mix. i.e. a part mix which created a better 
balanced work load among the machine groups of the FMS. 
Compared with the performance of the basic tooling configuration the 
greatest improvement in the average performance values of the configured 
FMS is 25% for assembly sets output. i.e an extra set relative to the initial 4. 
and 16% for average machine utilization. i.e 
0.7:~~172 *100 = 16% 
These improvements were achieved in two ways: 
1 -by restricted and controlled tool duplication. 
2 -by searching for good tooling configuration through the 
application of heuristic tool combination rule B. 
The two rules behaved well in establishing tooling strategies for efficient 
FMS operation. 
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10.11.3.2. Part Mix B 
For this part mix it was shown that even under limited purposed machines 
high level of FMS perfonnance could be obtained without tool set 
duplication, tables 10.9.3 and 10.9.4. Therefore the scope for improving 
tooling strategy through tool duplication is small. Nevertheless, it is 
important to know if under such circumstances tool duplication has some 
impact. 
By using the tool duplication rule, section 8.4.3.5, an attempt was made to 
improve FMS perfonnance beyond that obtained under the two most 
efficient tooling configurations namely configuration TC14 and TCI5 of 
table 10.9.2 section 10.9.4. 
Thus since for TCI4 the lowest WPR is that of part types 7, 8 and 9 then only 
the basic tool group, BTG, for these pans ,namely BTG No.8, is duplicated. 
The resulting tooling configuration is TCI6, table 10.11.3. The application of 
the sequential tool combination process, through heuristic rule B, leads to 
TC17 for which FMS perConnance is close to that under full tool replication. 
If the basis for tool duplication is TCI5, the same BTG No.8 should be 
duplicated leading to TCI8 for which FMS perfonnance is literally identical 
to that obtained under TCI5, i.e. the duplicated tool group was not used. The 
application of the sequential tool combination heuristic rule B suggests that 
the combination of the duplicated TG with the BTG No.l leading to TCI9. Pan 
'rdble A~.7 
ratios" of the previous lowest WPR parts did in fact improve but WPR of part 
type 1 was considerably lowered. This was to some extent expected because 
one of the two machines of the MOl , which was dedicated to manufacture 
part type 1, would have now to share processing with pans 5 to 9. 
Additionally, output of parts of types 6 and 7 was increased although this did 
not contribute to improved AS output. 
Application of the tool duplication rule to TC15 also suggests that only the 
tool sets for pans in highest demand, i.e. lowest WPR parts may need to be 
duplicated. This originates TC20, table 10.11.3, for which FMS perfonnance is 
practically identical to that obtained under full tool replication. 
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This clearly shows that when maximum FMS performance is not obtained 
under minimum tooling. it is possible to closely approximate performance 
to that obtained under full tool replication through controlled and 
restricted tool duplication of basic tool groups or only some of their basic 
tool sets. 
The results show that for less flexible FMS. by duplicating particular tools 
performance can be improved. This was not so clear. under part mix B when 
the highly flexible FMS was used at experiment S. It appears that 
compensation for reduced flexibility of FMS machines may to some extent 
be achieved through some restricted tool duplication. provided the FMS 
configuration allows pooling of machines. section 6.1.3. 
This may be explained by the fact that some of the flexibility in part 
routing lost due to limited purposeness of the machines can be gained 
through pooling machines within each machine group provided by 
duplication of some tool sets. 
10.11.4. Main Findings 
1 - The strategy of controlled tool duplication produces similar results 
when applied to both highly flexible FMS. which use multipurpose 
machines. and less flexible FMS configured with limited purpose machines. 
However tool duplication is likely to be more advantageous as routing 
flexibility of FMS's decreases provided machine pooling is still possible. 
2 - The amount of tool duplication is primarily dictated by part mix 
processing requirements and it is necessary to identify which tools should 
be duplicated. if any. to guarantee high FMS system performance. 
3 -Tools which should be duplicated to achieve high FMS performance can 
be identified through the methodology used. 
4 - It was also shown. that the panicular heuristic choice of the tools t 0 
duplicate. together with heuristic tool grouping can provide a better 
balanced output and improved machine utilization relative to the be s t 
performing tooling configurations under minimum tooling. viz TC14 and 
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TCI5. In particular there may not be a need to duplicate all tool sets of a 
particular basic tool group. but only some of its basic tool sets 
corresponding to the parts with the lowest WPR. as TC20. first tool group. 
table 10.11.1 illustrates. 
5 - Due to the part mix and machine grouping structure a limit may be 
imposed on FMS performance. It was found that the maximum possible 
average machine utilization was 0.810. table 10.11.2. and that on average 
MOll could not be utilized beyond 0.62. 
6 - It can also be concluded that the restriction in FMS performance 
referred to above can only be overcome by changing the part mix for the 
FMS running period in such a way that· a better balancing of work load 
among the groups of machines can be achieved. This conclusion points to 
the possibility of increasing machining capacity in the most utilized 
machine group which may have the effect of pulling up utilization of 
under utilized machines of other groups increasing therefore average 
machine utilization and also AS output Such a proposal would need to be 
tested by experimentation. 
10.12 
10.12.2 
RELATIONSHIP BETWEEN ASSEMBLY SET BATCH SIZE. TOOLS AND 
PALLETS-ExpERIMENT 9 
Objective 
To investigate the effect of assembly set batch size and numbers of pallets on 
system performance in a multipurpose machine FMS. operated under 
different tooling configurations and different scheduling rules. 
10.12.2 Introduction 
FMS systems in general. and those for prismatic parts manufacture in 
particular. are suitable for assembly set production. ASP. section 4..1. and it is 
pertinent to ask what should be the adequate Assembly Set Batch Size. ASBS. to 
adopt. ASBS is defined as the number of identical assembly sets which would 
be released together. with the same priority. into the FMS. This simulation 
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study is set-up to investigate the influence of ASBS on FMS performance 
measures. 
Pallet availability will also affect FMS performance. This part of the work also 
includes an investigation aimed at assessing their effects. 
Since there are likely to be variations in performance related to the 
scheduling rule adopted. this experiment incorporates both the FCFS and the 
MRP AS rules. 
10.12.3 Experimental Set-up 
The FMS system configuration is identical to the one used in the 
experiment 1. i.e. multipurpose machines. The experimentation here 
carried out will however consider three different tooling configurations. 
table 10.12.1. namely the basic tooling configuration TC1. full tool 
replication TC3. and a tooling configuration TC2. under no set tool 
duplication which previously had been shown to perform well. i.e. number 
fourteen of table 10.4.3. 
In this experiment the ASBS was varied between 1 and 12 in steps of 1 and 
the number of identical sets of fixtured pallets between 1 and 4 in steps of 
1. 
The FCFS rule is used at the first stage and the MRP AS rule at the second 
stage of the study. 
Since 12 ASBS levels will be considered for 3 tooling configurations under 
4 different sets of fixtured pallets a total of 12 x 3 x 4. namely 144 computer 
simulation runs will be carried out for the first phase analysis of the 
experiment under the FCFS rule. 
At the second phase. based on the previous runs only a further half of this 
total will be run under the MRP AS rule. 
10.12.4 
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Results and Discussion-1st Phase-Use of FCFS Scheduling 
Rule Only 
Maxjmum TooUng Restrictions - NQ Too! Set puplication 
Figure 10.12.1. shows that under the basic tooling configuration. TCI. there 
is an upwards trend in machine utilization for all pallet levels used. For 
tooling configuration TC2 the behaviour of machine utilization is 
somewhat different. Although with a single set of pallets utilization 
increases slightly with ASBS. it is practically constant for two and three set 
of pallets and exhibits the opposite behaviour for the maximum number of 
sets of pallets considered. 
A possible explanation for this behaviour is the small size of the central 
store for palletised work. namely thine en pallet places. section 10.2.2. 
combined with the control strategies at the palletising stations. chapter 9. 
Thus a situation is likely to occur in which. for a considerable pan of the 
manufacturing period. many identical parts become available for 
processing. which may require tools only available on panicular 
machines. These become bottlenecks. while other machines may be 
waiting for work which. although available cannot be loaded into the 
central store area from where it can be fed into the system due to storage 
space limitations. 
This is also likely to happen due to the simultaneous influence of high 
ASBS and high number of identical pallets available contributing to an 
excessive number of identical pans in the system requiring the service of 
tools available on cenain machines only. The situation does not occur with 
the basic tooling configuration. TCI because higher flexibility of pan 
routing to machines is provided due to the availability of a much larger 
number of tool groups. namely eight. as compared to only four tool groups 
for the tooling configuration TC2. for the same total number of tools 
available. Thus. under the basic tooling configuration. for each four tool 
groups loaded into the four machining centres a funher four tool groups 
are available under the basic tooling configuration while none is available 
under tooling configuration TC2. which is made up of only as many tool 
groups as there are available machining centres. 
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Unrestricted Iooline- Conditions - Full Tool Replicatjon jn Eyery Machjnjne-
Centre 
The results. figure 10.12.2. show that if maximum tooling facilities arc 
available. namely full tool replication at machines. than machine 
utilization increases for the single set of pallets case. However. for two or 
more pallet sets the utilization is high and practically constant at 0.96. 
Moreover. as ASBS increases throughput time also increases. figure 10.12.4. 
Thus best operating conditions would be obtained under low batch size. 
The jnfluence Qf the Dumber of pa1lets 
For the tooling configurations studied there is a considerably lower 
utilization with the single set of fixtured pallets than with the other pallet 
levels figures 10.12.1. and 10.12.2. However. increasing the number of sets 
of pallets beyond two does not cause any significant change in machine 
utilization except for large ASBS and four sets of fixtured pallets with 
tooling configuration TC2. 
For full tool replication and to a lesser extent for tool configuration TC2. 
figures 10.12.3 and 10.12.4. the number of pallets has little effect on 
throughput time for low assembly set batch sizes. ASBS. As ASBS increases 
the assembly set throughput time index. ASTTI. tends to increase. This 
tendency is also observed as the number of pallet sets increase. For some of 
the highest ASBS's. no assembly sets are finished within the 
manufacturing period, i.e. ASTTI becomes very large. In these cases ASTTI 
could not be calculated and this corresponds to the missing points in the 
figures. 
For the case of the basic tooling configuration. figure 10.12.3. the ASTTI 
behaviour is different. It is almost identical for the whole ASBS range 
when two or more sets of fixtured pallets are used but it is considerably 
higher for the single set of pallets case. Moreover for an ASBS of four. 
there is a tendency for a lower value of ASTTI than for an ASBS of three 
which is particularly apparent for the one set of pallets case. This 
behaviour is likely to be related to the fact that four multipurpose 
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machining stations are used in conjunction with numbers of pallets 
available which are multiples of four. This result although apparently 
logical was not envisaged. This shows that in FMS it is difficult to predict 
and fully understand the many important dynamic and complex 
interrelationships between the parameters involved. 
Work in progress is plotted in figures 10.12.5 and 10.12.6 and. as it could be 
expected its behaviour is similar to the behaviour of the ASSTI. 
The results further reinforce the previous conclusion of best operating 
conditions for low batch sizes. 
The effect of TQoHng Configuration Design and Too! Restrictions 
Analysed in relation to ASBS and pallet levels it can be seen. figures 
10.12.7. that under the basic tooHng configuration machine utilization is 
generally low when compared to that which can be obtained with the same 
tooling resources under tooling configuration TC2. The differences are 
large for the whole ASBS range where a single set of fixtured pallets is 
used. figure 10.12.7 a). Above this number of pallets the differences arc 
larger for lower batch sizes. figure 10.127 b). c). and d). For the 4 pallets 
case. TC2 behaves differently at the upper range of ASBS with average 
machine utilization decreasing as ASBS increases. The reasons given 
earlier relative to figure 10.12.1 explain this behaviour. 
With exception of the 4 pallets case machine utilization values obtained 
under tooling configuration TC2 closely compare with those obtained 
under no tool restrictions. TC3. for most of the range of ASBS and pallet 
levels. figure 10.12.7. Thus it can be said that as long as good tooling 
configurations arc designed under minimum number of tools then tool 
restrictions may not be a significant constraint~ FMS performance. 
However if bad tooling configurations are used than considerable FMS 
efficiency can be lost. 
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10.12.4.1. Main Findings • Ist Phase (General Analysis) 
I • No panicular optimum ASBS was found for machine utilization. 
However ASBS of one can provide both good utilization and the lowest 
assembly set flow time. In this sense it can be considered optimum. 
2 • The influence of the number of sets of fixtured pallets available in the 
system is only visible up to a panicular level after which no clear 
improvement in FMS utilization can be expected. 
3 • This level can be determined through the use of the simulation model. 
For the configured FMS two sets of pallets, accounting for a total of sixteen 
pallets are sufficient for achieving practically the best performance 
under all of the varying tooling strategies investigated. Therefore this 
could be considered the optimum number of pallet sets. 
4 • Although machine utilization is in general best for the situation under 
full tool replication, good utilization is also obtained under the other two 
tested configurations which do not include tool duplication, figures 10.12.1 
and 10.12.2 
10.12.4.2. Analysis of Production Synchronization Ratio 
Production Synchronization Ratio (SR) is the relationship between the 
number of assembly sets which are actually finished during the FMS 
running period and the number which could theoretically be obtained on 
the basis of the level of machine utilization and the machining 
requirements per assembly set, section 10.1. A graphical representation of 
the SR for each of the pallet levels, is shown in figure 10.12.8. 
By comparing the four graphs, a) to d), i.e. from I set to 4 sets of fixtured 
pallets it can be seen that in general the value of the SR ratio increases at 
high ASBS values for tooling configuration TCl. With the other tooling 
configurations, in panicular TC3, the converse is true, i.e. at high ASBS the 
SR decreases as the number of pallets increases. This shows that in general 
with the basic tooling configuration, TCl, increasing the number of pallets 
causes the SR to improve as ASBS increases. The opposite tends to happen 
with the other tooling configurations, i.e. increasing the number of 
pallets causes the SR to worsen as ASBS increases. 
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In general a single set of fixtured pallets would be sufficient to operate the 
FMS under all tooling configurations tested dependent upon the ASBS 
value. Under TCl ASBS's of 5 and below should be used. For these ASBS 
levels the other tooling configurations also perform well. 
However to achieve both good SR and machine utilization. figure 10.12.7. 
for reduced investment on pallets and fixtures then two sets of fixtured 
pallets would be recommended for all tooling configurations within that 
low ASBS range. 
There is also what may be seen as a cut-off ASBS for most of the situations. 
figure 10.12.8. associated with the fact that the SR ratio become zero at that 
ASBS and above. This means that during the FMS running period of three 
eight hours shifts no assembly set was completely finished. In other words. 
the assembly set throughput time is becoming panicularly long. This 
situation is a consequence of the likely routing of too many identical parts 
in sequence instead of the routing of a good pan type diversity as required 
for high SR. 
Under the basic tooling configuration this behaviour is likely to be 
reinforced by the controlling mechanism to save tooling set-ups at the 
machines. In the other cases this is more likely to happen only because too 
many identical pallets are available. This is panicularly evident for the 
full tool replication case. which allows simultaneous processing of 
identical parts in different machines. figures 10.12.8 c) and d). 
10.12.4.3. Main Conclusions 
1 • Good SR and machine utilization can be obtained at low ASBS values. say 
between 1 and 5. for all the tooling configurations simulated. This 
performance can be achieved for a low number of pallets. in this case two 
identical sets of pallets, i.e. a total of sixteen pallets. 
2 - There is a number of pallet sets above which. for the same tooling 
configuration. utilization does not improve significantly. Under minimum 
tooling it can worsen as it is shown for TC2. figure 12.1. In this series of 
experiments this number of pallet sets is two. For the full tool replication 
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case. utilization is practically constant not only for a number of pallet sets 
larger than one. figure 10.12.2. but also for most of the range of ASBS. 
3 - To keep machine utilization high a single set of pallets is not enough. 
Under this condition utilization is low when compared with the cases of 
moderate or high number of available pallets. figures 10.12.1 and 10.12.2. 
4 - In general low ASBS provides both reasonably high SR. low ASTTI. low 
WIP and high FMS utilization. figures 10.12.4 to 10.12.8. This is panicularly 
so when the non basic tooling configurations are used. 
10.12.5 Results and Discussion - 2nd Phase - Relative Behaviour 
of the FCFS and MRP AS Scheduling Rules 
From figure 10.12.9 it can be seen that the MRPAS scheduling rule does 
give a high production synchronization ratio under the basic tooling 
configuration and for a single set of fixtured pallets at practically all 
levels of ASBS. Under identical conditions. the FCFS rule has a cut-off 
assembly set batch size of 8 at which the SR falls to zero. 
The results show that the MRPAS rule behaves as was intended. i.e. it 
achieves high output of completed assembly sets. 
However. when three sets of fixtured pallets are available. the advantages 
of the rule as compared to FCFS are only apparent in the region of 
relatively small ASBS. figure 10.12.10. At higher values of ASBS the 
performance of the two rules are identical. Thus the number of sets of 
identically fixtured pallets does greatly affect the flow of work through 
the system. 
These results highlight the complex nature of the design and operation of 
FMS's, in panicular the interactions between resources and operating 
rules. Work flow is determined by the available options of assigning pallets 
to machines and these options are related to the number of pallets 
available and the assembly set batch size. For instance. when a low number 
of fixtured pallets is used. the pans belonging to highest priority assembly 
sets based on the MRP AS rule are clamped first and processed on the 
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machines. Only when processing finishes can parts of other sets of the 
same type be palletised because only then do the pallets become available. 
At this stage the MRP AS rule once again chooses the parts belonging to the 
highest priority sets which will mean that it is necessary to re fixture the 
semi finished pan which has just been unclamped either in the same 
fixtured pallet but in a different location or in a another available fixtured 
pallet. if this is required. and reroute it to a machine before any other 
part. even of an assembly set with the same initial priority. 
However. when a larger number of identically fixtured pallets is available 
they will be routed. with pans clamped on them. in succession to the 
machines. When a pallet with semi finished parts is unloaded from a 
machine these parts do not take priority over parts already loaded onto the 
machine buffer. even though they belong to the highest priority set and 
have reached the state of processing second operations. This 
manufacturing control procedure is not designed to do that. i.e.. to unload 
pallets already loaded at machines or on machine buffers or make the 
machine wait for pan reclamping before the parts on the next. and most 
possibly identical pallet. already loaded onto· the machine or buffer. are 
machined. Therefore with the larger number of identically fixtured 
pallets. it is very unlikely that a semifinished part is reassigned and 
reloaded to a machine before any other part. 
This mechanism tends to increase the flow time of assembly sets and 
therefore the number of sets which can be completely finished within the 
planned manufacturing period of three eight hour shifts is affected. This 
seems to explain why under a single set of fixtured pallets the MRP AS rule 
produces a high synchronization ratio and with more sets. for instance 
three. it does not. 
The fact tha.t for three sets of fixtured pallets the MRP AS rule does show an 
improved production synchronization ratio relative to the FeFS rule but 
only at very low ASBS can be similarly explained. Thus. when ASBS is 
small. particularly of size one. there will not be many parts of different 
assembly sets clamped ready to be loaded in succession to machines and 
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hence the MRPAS rule plays again a stronger role in determining the 
work flow within the system. 
Although the tendency for improved SR by using the MRPAS. rule rather 
then the FCFS. is also noticeable under other tooling configurations. 
figures 10.12.12 to 10.12.14, the differences are less striking than under the 
basic tooling configuration. For the case of tooling configuration TC2 and a 
single set of fixtures. the SR under the two rules are identical. figure 
10.12.11. This may because only one tool group is available for each 
machine and no alternative part routing is possible. Since tool set 
duplication is not available then the tooling configuration TC2 constraints 
the flow of work through the system and therefore scheduling rules play a 
less important role. 
These results show that the impact of the MRP AS rule is highly dependent 
on the tooling configuration adopted and the available pallets. Tooling 
configuration and pallet levels constrain the scheduling of work. 
affecting this the scope of action of the scheduling rules. 
Interaction between resources and scheduling rules is very marked which 
again emphasizes the complex nature of FMS system operation and shows 
the difficulty of predicting system performance for different operational 
set-ups of FMS's without experimentation. 
10.12.5.1 Main Findings - Behaviour of FCFS and MRP AS Scheduling 
Rules 
1 - Scheduling rule MRPAS exhibits an overall better behaviour in 
achieving good output of finished assembly sets during the FMS running 
period than does the FCFS rule. This is particularly noticeable with a low 
number of fixtured pallets and the basic tooling configuration. 
2 - The design of the tooling configuration used considerably constraints 
the influence of those scheduling rules on system output by determining 
to a great extent, the work flow pattern within the system. 
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3 - For a low number of pallets the flow is predominantly controlled by the 
scheduling rules and tooling configuration but for a high number of 
pallets the influence of scheduling rules is smaller. 
4 _ The behaviour of the production synchronization ratio indicates the 
complex nature of the design of a FMS and its operating rules 
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CHAPI'ER 11 - CONCLUSIONS 
11.1 GENERAL ASPECTS 
The work reponed in this thesis provides a system for aiding FMS design 
and operation in the form of an FMS detailed simulation model. chapter 9. 
used in conjunction with a set of heuristic rules· for tooling configuration 
design. chapter 7. The study has explored the influence of the level of tool 
replication. the influence of different tooling configurations and the 
number of fixtured pallets on the performance of FMS. 
One major finding of the study was that tooling configuration greatly 
influences FMS performance. 
Two situations can be distinguished: 
i) - that in which a minimum number of tools is available to process 
the pan mix and 
ii) - that in which tool replication is allowed. 
In both cases a need exists for finding the best way of combining tools to 
load into the machines. i.e. to establish a tooling configuration to 
manufacture a pan mix. 
In the first case the main aim is to combine the tools which are required to 
process the pan operations in a way which permits high FMS 
performance. 
The second case creates a need for weighting the production benefits of 
using replication of tools against the costs of such a measure. 
In the work. for differently configured FMS. it was found that tooling 
configurations could be developed without replication of tools for which 
high levels of system performance could be obtained. 
The method devised to solve the tooling problem in FMS's can provide good 
solutions for minimizing tooling. The method also allows the pin pOinting 
of panicular sets of tools which should be duplicated and indicates 
alternatives of combination of the tools to constitute tool magazine loads. 
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In many cases duplicated tooling is only necessary in a given FMS 
manufacturing planned period due to the imbalance of processing 
requirements. Good part mixes are those which provide a high diversity of 
part routing. i.e. high diversity of processing requirements. A corollary of 
this is that split part batch sizes should be avoided because this is likely to 
create the need for simultaneous processing of identical parts in different 
machines and therefore tool duplication would be necessary. An additional 
consequence would be the unnecessarily high number of identically 
fixtured pallets. 
To initially estimate the required number of tools and pallets to operate an 
FMS an analytical method was developed. Although this method provides a 
good starting point. the number of tools required is dependent on the 
dynamic behaviour of FMS operation which is not taken in account in the 
analytical model. For this reason computer simulation needs to be used to 
accurately determine the quantity of each type of these resources. 
11.2 DETAILED CONCLUSIONS 
The main conclusions from the work can be summarized as: 
1 - The simulation model and strategies for FMS operation and design 
presented in this work were used to determine levels of fixtured pallets 
and tools. for which the performance of the modelled FMS 
configurations was good. 
2 - The Ungrouping-Regrouping tool combination heuristic rule was 
shown to produce tooling configurations with which performance was 
the highest in all the situations studied. Therefore this heuristic rule 
should be adopted in designing tooling configurations under which FMS 
should be operated. The rule sould be applied to good tooling 
configurations developed initially by applying the tool grouping 
heuristics B. i.e. the lowest to highest parts ratio rule. to the basic 
tooling configuration. 
This procedure is recommended not only when the work flow flexibility 
within an FMS is high due to the multipurposeness of machines but also 
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when this flexibility is reduced due to the limited purposeness of the 
machines in the FMS. sections 10.4.2.5 and 10.9.4.4. 
3 • The possibility cannot be ruled out of there existing tooling 
configurations under minimum tooling which may provide FMS 
performance as good as with the full tool replication case. 
This was particularly true for a 
highly flexible FMS. section 10.7.5. 
tooling efficiency analysis under a 
although for a less flexible FMS very 
high performance was also obtained for the same part mix referred to in 
section 10.2. 
4 • High routing diversity provided through systematic tool duplication 
in various machines of an FMS can be efficient for achieving high FMS 
performance but may be unnecessary. 
This conclusion is based on the fact that high system performance was 
obtained. for different FMS configurations and different part mixes with 
none and only some limited and controlled tool duplication. 
5 • An analytical method. section 6.2, was developed for determining the 
number of tools to operate an FMS. 
This analysis can be used to establish the minimum number of tools 
referred to in 3 above 
6 • The results of applying the analytical method. section 6.3. suggested 
that a single set of pallets could be used to operate the FMS. However. 
FMS simulation showed that although good throughput time was 
obtained under such circumstances. it was generally better to use two 
instead of only one set of fixtured pallets. 
7 • FMS's can efficiently manufacture Assembly Sets. AS. It was shown. 
section 10.12.4.1. that an Assembly Set Batch Size. ASBS. of one can lead to 
high system performance. In general good synchronization of 
production towards part needs for assembly and good machine 
utilization were obtained provided ASBS was not high. i. e.. larger than 5. 
But as ASBS increases there is the disadvantage of having larger 
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quantities of work in progress and the likelihood of higher throughput 
time of AS. 
8 - A scheduling rule called MRP AS was designed and shown to perform 
well in achieving the objective of low assembly set throughput time and 
high FMS utilization. The FMS performance under MRPAS was in 
general considerably better than that under the FCFS scheduling rule. 
9 - In general the best Production Synchronization Ratio. SR. section 
10.1. was obtained using the MRPAS scheduling rule. However the 
influence of this rule decreases as the number of identically fixtured 
pallets increases. 
10 - It was also shown that the tooling configuration greatly influences 
the work flow pattern through the system and that it can considerably 
restrict the influence of scheduling rules on system· output. 
11 - For a low number of pallets the work flow is predominantly 
controlled by scheduling rules and tooling configuration but for a high 
number of identically fixtured pallets. the influence of scheduling rules 
is smaller. 
12 - Increasing the number of pallets beyond two sets does not improve 
FMS performance significantly. In some cases. i.e. for ASBS. larger than 
S. it may worsen performance. Also increases in job throughput time 
and w.i.p. occur. 
These conclusions clearly show that there are many interrelationships 
between FMS configuration elements and operating strategies which can 
influence the performance of the system. In particular large performance 
variations were observed by varying the number and type of 
manufacturing aids such as tools and fixtured pallets. As might be expected. 
some of the results obtained were not intuitive. In particular. operating an 
FMS under minimum tooling can be efficient. 
This performance behaviour complexity of FMS suggests that aids such as 
those developed in this work should be used to evaluate the operating 
efficiency of FMS under varying manufacturing situations. This is essential 
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to prepare a good system set-up and also for establishing good control 
strategies for efficient FMS operation. 
11.3 GENERAL GUIDELINES 
Within the experimental framework of the FMS configurations used in this 
work and production of AS's, general rules for operating these systems are: 
I - Operate the FMS with minimum tooling. 
2 - Operate the FMS with the minimum number of pallets 
3 - Use the minimum Assembly Set Batch Size, i.e. 1. 
When operating the FMS under these conditions high system 
. performance was achieved from the model. These conditions also have 
the additional advantage of minimum capital cost of investment in tools, 
fixtures and pallets. 
However this requires both good system control and the use of good 
tooling configurations. Thus: 
4 - A scheduling rule such as MRPAS should be used, 
5 - Tool groups should be defined on the basis of applying the "Lowest to 
Highest Pans Ratio" tool heuristic combination rule B and then the 
"Ungrouping Regrouping" rule D. 
6 - The heuristic Tool Duplication rule E should be used for controlled 
and restricted duplication of some tools when this is required due to the 
imbalance of processing requirements of the pan mix to be 
manufactured. 
11. 4 FURnIER WORK 
Package for Automatic Generation of Good Operatjonal EMS Set-ups. 
The process adopted in this work for establishing good tooling 
configurations for FMS operation requires the evaluation of the results at 
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each successive simulation run. However. this evaluation is performed 
through human interaction which at each successive simulation run applies 
a heuristic rule for obtaining the tooling configuration. 
This cycle. user-simulation-user. can be avoided by integrating the 
simulation model with a software package which can deal automatically with 
the generation of good tooling configurations to manufacture a part mix. 
Artificial Intelligence techniques offer the possibility of producing such a 
package. 
The package could also include automatic procedures for investigating other 
factors such as work load level. pallets and fixtures. scheduling rules and 
FMS physical configurations 
General Aspects 
This research work studied the FMS performance of two FMS configurations 
and two different part mixes with a maximum of nine different parts. To 
assess the generality of the conclusions and particularly the system 
operation and design guidelines. further work is required using alternative 
operating set-ups with different part spectrums. different part mixes and 
larger variety of FMS structures. 
In this work a number of different parts usually are palletised together in 
the same pallet. Under this approach. for the scheduling rules studied and 
particularly for the MRPAS rule. high FMS performance was obtained. 
Situations need to be investigated with alternative palIetising approaches. 
e.g. one part per pallet and many identical parts per pallet. 
In any future research. advantage should be taken of the newer simulation 
languages and systems which are available and which to a great extent 
overcome the limitations inherent in the simulation language used in this 
research. 
h 
Effects of limited tool life have not been considered in this work. ""-iIst this 
is not expected to invalidate the overall conclusions. in order to determine 
the total amount of tooling within FMS. tool life aspects need to be 
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introduced. Tool refurbishment and replacement are also important 
aspects which wiII affect the total tooling requirements and also the 
operating strategies of such systems. Interactions between these aspects 
and the system design and operating parameters already investigated need 
to be examined. 
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GLOSSARY 
Assembly Set, AS - is a set of parts to completely assemble one or more 
product units. 
Assembly Set Batc:h Size, ASBS - is the number of Assembly Sets 
released together into the FMS. 
Assembly Set Production, ASP -is a form of manufacturing where 
production in carried out in Assembly Sets. 
Assembly Set Throughput Time Index, ASTTI - is a normalized measure 
of throughput time given by: 
ASTTI Average set throughput time 
- Machining time per AS 
Assembly Sets Output, ASO - is the number of Assembly Sets manufactured 
during the FMS running period. 
Basic: Tool Group, BTG - are the tools required to process all of the 
operations of parts loaded onto a pallet in a singie set-up. 
Basic: Tool Set, BTS - is a set of tools required to process a particular part 
operation 
Basic: Tooling Configuration, BTC - is the minimum number of basic 
tool groups necessary for processing a given part mix. 
Degree of Balanc:e of an FMS, UT - is defined as the average theoretical 
maximum possible machine utilization of an FMS determined by (see Table 
10.9.3): 
f mi·m 
UT= i=l ! mi 
i=1 
Where: 
Ui - is the maximum possible utilization of machine group 
mi - is the number of machines in the machine group i 
g - is the number of machine groups in the FMS 
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Fixtured pallet - is a pallet provided with fixtures for part clamping. 
Job throughput time - is the average throughput time of Assembly Sets. 
Limited purpose machine - is a machine tool or machining centre 
capable of performing only some of the operations in a part mix. 
Machine Group, MG - is defined as a group of machines similar enough 
to process the same set of operations provided they are loaded with 
appropriate tools. 
M R PAS -is a scheduling rule which schedules work on the basis of the 
number of parts still unfinished belonging to an Assembly Set. Assembly 
Sets. 
Multipurpose machine - is a very versatile machine. e.g. a machining 
centre. capable of performing any part operation in a part mix. 
Part operation - is an operation to be carried out on a part or workpiece. 
in a single set up of a pallet at a machine and consists of a number of 
elemental machining operations each of which requires a single tool to be 
performed. 
Parts Ratio, WPR - is defined as: 
WPRi Number of finished parts of type i 
= Number of required parts of type i per Assembly Set 
Pool of machines, PM - is a group of machines such that any machine 
within the group can actually be a real time part-routing alternative to a 
number of identical part operations which need to be processed 
simultaneously. 
Subtooling Configuration, STC - is a partition of the available tool 
groups which are used to process the part operations associated with a 
specific machine group. The tools in a STC can only be allocated to the 
machines of a specific machine group. 
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Synchronization Ratio, SR - is a normalized measure of Assembly Sets 
Output given by 
SR- Actual ASO in a manufacturing period 
. -Theoretical maximum ASO possible to finish in the period 
Tooling Configuration, TC -is the total set of tool groups which are to 
be loaded into the machines 
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tool kits taken to the machine by an automated transport 
vehicle. BilbL source: Hartley (47) 
LEVELS OF DECISION MAKING FOR FMS'S 
TIME HORIZON MANAGEMENT LEVEL TYPICAL TASKS TYPICAL DSS SW USED HARWARE USED 
Long tcrm 
Medium term 
Upper 
FMS line 
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(exceptions only) 
-Part mix cbanges 
-System modifica .. 
tion/expansion 
-Oivide production 
into batches 
-Maximize Machine 
Utilization 
.. Respond 10 distur-
bances in production 
planning/material 
available . 
. Work order s<:hcdu. 
-Part selection SW 
-Qucueing models 
-Simulation 
-Batch and balancing 
programs 
.. Simulation 
ling and dispatching .. Work order dispatching 
programs 
.. Tool management 
-Monitoring and 
Diagnostics 
-Reaction to system 
failures 
.. Operation and tool 
rcalocation programs 
·Simulation 
-Main frame 
or OSS computer 
-o.S.S. computer 
or FMS computeJ 
·FMS computer 
Legend: OSS - Decision Support Systerru: 
FMS's Flexiblo Manufacturing Systems 
Fig. 2.6 Production Control tasks and tools for FMS's 
Bilble. source: (17) 
A) 
B) 
Fig. 2.7 
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Information Management 
Manufacturing Engineering 
Production Management 
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Task Management 
Resource Allocation 
I 
Batch Management 
Scheduling 
Dispatching 
I 
Set Uj! 
Equipment Tasking 
Takedown 
I 
Machining 
Handling 
Measurement 
FAcroRY 
CONI'ROL 
lOB SHOP "A" 
CONI'ROL 
WORK CENTER "AZ" 
MFG UNIT "AAB" 
CONI'ROL 
Control Hierarchy in the 
CONI'ROL 
A) • Automated Manufacturing Research Facility, AMRF and 
B) • Advanced Factory Management System, AFMS 
Bibl. source: (82) 
Fig. 2.8 
226 
sequence management 
computer 
geometry 
computer 
data distribution 
computer 
axis - specific 
hardware units 
I I 
I I 
technology 
computer 
programmable 
controllers 
power section 
interconnected production equipment 
Schematic representation of a hierarchical function 
based control system for Flexible Manufacturing Systems 
Bibl. source: (liS) 
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Fig. 29 
227 
PRODUcnON ORDER HANDLING 
~ARATIONOFNCDATA 
BY ALUATION OF PRODUcnON DATA 
CALCULATION OF JOB SCHEDULIl 
D~UTIONOFNCDATA 
HANDLING OF PRODUcnON DATA 
SUPERVISION AND COMMUNICATION 
DIRECT NUMERICAL CONTROL 
ACQUISITION OF PRODUcnON DATA 
MATERIAL FLOW CONTROL 
QUALrrY CONTROL 
PROCES S 
Legend: (£) Computet 
Main control tasks in centralized and decentralized 
control systems for FMS's 
Decentralized 
BilbL source: (132) 
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A!achi1le Co., Ltd. III 
the foregrou1/d are tire 
u:ork·seuing sraciom, 
with the storage rack j<), 
pallets, and the asso(,';· 
ared Molacs, beyond. 
At the rear may be 
see" some of the l1Iulli-
axis n.c, mac/dlle (emls 
and loadi1lJ! UIl;ts for 
pal/ets and tool 1n01!(J-
zines 
Fig. 3.1 
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The Molins 24 FMS system 
BilbL Source (137) 
HOll: 
LOAO/UNlOA~ POSITION 
BAll, TA-8lf CORNER' SEC;TlONlS 
Fig. 3.2 The Variable Mission Manufacturing system(VMM) 
Bilbl. Source (30) 
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1960 1970 1980 
Period ending year 
Growth of the number of FMS plants installed 
throughout the world 
1990 
After Bilalis (6) and Darrow (26) 
1960 1970 1980 1990 
Period ending year 
Growth of the number of FMS simulation models 
developed (See table 3.1) 
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Static stands on the floor Vehicleslcartsl AGV 
0 5 
wOW H tff 
Static random access cell 
Conveyors stores 
1 
111111111111111111 
6 \:1 ~CJ 1[K81 ~ 
Mobile random access ~~ 2 '---mf ~t 7 ~.~ ~ 
Bowl Gravity towers 
Pallet changers . Multiple pallet racks 
3 11 1 01 8 l~~l 
Rotating pallet buffers Circular random access stores 
• 4 <€~D)O~ 9 LU r:J 10 .J. 
Cl D la 
~ 
10 OTHER 
Fig. 5.1 Basic work storage and buffer elements 
Bibl.source: (67) 
Fig. 5.2 
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Werks!iick· und Werkzeugwechsler 
Flexible Manufacturing Turning Cell with local storage on 
static stands for keeping pallets of parts and tools which are 
accessible by an overhead IR moving in an horizontal plan 
I TOOLS I Central store of tools 
QQQQ 
o o o 
~ ~ rJ t~tj 
I· .. DODO o'oriiH-O-O-O-O-O-O-1 
o 
Machining centres 
Machine tables 
Two position pallet shutles 
Pallet carrier and track 
Part/ pallet central store 
Pallet 
Fig. 5.3 Schematic representation of a typical FMS configured 
with part/pallet storage on static stands 
a) 
b) 
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5Iueke 
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Fig. 5.4 
Roboterl 
Palellenwechsler 
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Werkzeug· 0-maschine· 
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V 
l.,.--Roboter 
U 
000 ~ D I-Pal~tten. 000 000 00 statIon [] 
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Automatic pan loading and clamping on holding 
devices: 
Monitor 
:0 
a) Prism:ltic parts 
b) Rotational Parts Bibl. source: (146) 
Fig. 5.5 
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Somce: Wemtze 
(lnd.&Prod.Eng.4.82) 
Non-rotational pans automatically clamped into 
fixture<! pallets at the machining area with the aid 
of indudtrial robots. 
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Bar feeding mechanisms Rotative pallet changers 
0 ;~~ Q I 6 !f=OD:1! 
Feeders Rotating pallet buffers 
'd~ • ~ 1 7 €~~ o 0 
Bowl Gravity towers 
Floor conveyors On floor Industrial Robots lflJ ~ 2 ~D le acel ) 8 
Overhead conveyors Overhead Industrial Robots 
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1f 'J5~ :f§'§Ei i 9 t J • • .... 
Cranes and monorails Vehicles/carts! AGV 
4 ~r 10 g 
Stacker cranes 
111fi~llnlllllll MAN 5 11 ft 
12 OTHER 
Fig.5.6 Basic work transport and handling elements for FMS work flow systems 
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Fig. 5.7 Intervening factors for tool variety determination 
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Radial chain conveyor tool store 
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lO 
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Mobile random access 
rn-[f[- ~t 
Plate/DrUm axial tool store 
Plate/DrUm radial tool store 
Cone shaped tool magazine 
Conveyors for tool magazines! 
pallets or tool heads 
OTHER 
Fig. 5.8 Basic tool buffer and storage elements 
for FMS Tool Flow Systems 
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Automatic Manillulators(AM) 
IndusUial Robots (IR) 
.tQ?~ 
Overhead IndusUial Robots 
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1 ~ 1 
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Stacker cranes or stacker 
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~ Chain conveyors 
6 t ~ ~-<:~~~~' ,-I...: -!:{-
7 
10 
11 
Rotating tool pallet buffers 
.... 
~ 
MAN 
ft 
OTHER 
Fig. 5.9 Basic tool transpOrt and handling elements for FMS Tool Flow Systems 
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SINGLE TOOL TOOL MAGAZINES 
REPLACEMENT REPLACEMENT 
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Fig.5.l0 Tooling System Configurations for FMS 
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Fig.5.10 (cont.) 
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Machining centre with 
attached tool magazine 
Unreplaceable 
tool magazine 
Central tool store for 
tool by tool reeplacement 
Multimagazine tool buffers 
Machining centre with 
replaceable tool magazine 
Replaceable 
tool magazine 
Central store for 
replaceable tool 
magazines 
Manipulating entity 
Legend of the symbols used in the 
figure 
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Tools 
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a) 
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I A B C I 
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Fig.S.lI 
T 
b) 
Legend: 
a) - Single purpose machines/Multi-stage Systems 
b) - Multiple purpose machineS/Single Stage Systems 
T - Minimum number of tools to process a part mix 
I A B C r Tool Central Store 
i i i I I I I I 
The use of a central store for direct tool change into 
the spindle of the machines wolks best for Single 
Stage Systems. 
Routing 
flexibility 
None 
None 
None 
Good 
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I MATERIAL FLOW STRUCTURE ~ MACIllNINGCONCEPT I 
~ 
I MANUFACTURING AIDS I I AVAILABLE ALTERNATIVES I 
fUNCTIONS 
-TOOLS -FIXTURES: 
- PROCESSING 
" 
-PALLETS 
Type 
-TRANSPORT / 
Principle 
-HANDLING - FIXTURING SYSTEM ... 
-STORAGE 
-OTHER 
-PALLETS: 
-AUXlLIARS < -
Types 
-
Principle 
~ Purpose WORKPIECEDATA ." 
-TOOLS: 
- GEOMETRICAL 
-TYPES Types 
-1EC\lNlCAL f-I\ Materia1 
- ORGANIZATIONAL f-.1 -QUANTITIES Shape 
-OTHER ." 
FIND AL1ERNATIVB SOLUTIONS 
EVALUA1E AL1ERNAT. SOLUTIONS 
J.. 
N AL1ERNATIVE 
SOLUTIONS ACCEPTA 
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? 
Y 
CllOOSH BEST AL1ERNATIVB 
Fig. 6.1 Planning Manufacturing Aids 
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~ Multiple position - Single ~ Multiple position -face palletisation ~ Single stage 
! 
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LEGEND: W'"LZZZI I I 
Pallet Workpiece 
Fig. 6.2 Basic workpiece palletising solutions 
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AVAILABLE: 
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-QUANTITY 
Ex. 1 DAY (1440 MIN) Ex. G£I [!] [£] 
~~ ____________ ~T I~~ 
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AVAILABLE 
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... . L..L.. ..... 1 ~ SYSTEM STRUcruRB 
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Fig. 6.3 
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Tool requirements for a manufacturing 
planned period with tooling autonomy 
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SET- UP 
OBTAIN NEW 
TOOL 
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TOOL CYa.E TIME 
WAIT/STORE TRANSPORT PROCESSING 
.a) 
b) 
TOOL CYCLE 
I D L E MT1 
MT2 
E 
Fig. 6.4 
I D L E 
I D L E tool set-up 
,..------1 
=u... ______ ~ handJttansp. 
SINGLE TOOL CYCLE 
LEGEND: 
o -Operations ~ - TransportJhandling 
A - Storage/Wait 
MU - Machine tool i 
a) - Schematic representation of the tool cycle time 
inaFMS 
b) - Multiple activity cycle diagram for a single tool 
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PAllET CYCLE TIME 
WAIT/STORE SET· UP PROCESSING 
a) 
b) 
PALLET CYCLE 
I 0 L E WSTl 
IDLE 
I 0 
Fig. 6.5 
wsn 
~------I 
pallet station 
____ I_D_L_E _ -! pallet carrier 
SINGLE PALLET/FIXTURE FLOW CYCLE 
LEGEND: 
o . Operations ~. TransportIhandJing 
L:::.. Storagc!wait 
wsn· Workstation i 
a) • Schematic representation of the pallet cycle time 
in a FMS 
b) • Multiple activity cycle diagram for a single pallet 
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Growth of the number of different tooling configurations, Gt 
Fig. 8.1 as a function of the number of different basic tool sets, t, or 
corresponding part-operations in the part-mix 
Fig. 8.2 
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INlTIAUZATION: 
no • total nlUDber of Basic Tool Groups, BTO 
Ink • NlUDber of machines in the kth Macbine Group MO 
Plc • nlUDber of tool groups for fIrSt operations to 
be processed in the kth MO 
g • nwnber of available Mo.. 
nit • nwnber of tool groups to use in the kth MO. 
t· generic indece for the kth MO. 
STCk • subtooling configuration for the kth MO 
e - means: "belongs to" 
::l _ means: "includes" 
TGUik • Utilization of tool group TOO 
A=O: =0 
N 
Selection of the least utilized to 01 group, 
LUTG, TOik in the tooling configur ation 
Selection of the next LUTG 
TGjle 
N 
N 
STOP 
Flow diagram for Tool Grouping Heuristic Rule A 
Combination of tool 
groups TGik and TGjk 
Fig. 8.2 (cont) 
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y 
N 
Selection of the 
next LUTG. TGkk 
Flow diagram for Tool Grouping Heuristic Rule A 
N 
Fig. 8.3 
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Start 
INITIALIZATION: 
no • total number of Basic Tool Groups, BTG 
mk • Number of machines in the Jab machine group MG 
PI< • number of tool groups for first operations to 
be pn>eeSSed in the Jab MG 
g • number of available MG •• 
nk· number of tool groups to use in the Jab MO. 
k· geruric indece for the Jab MO. 
STCk· subtocling configuration for the Jab MG • 
e· means : "belongs to" 
~. means: "includes" 
TOUlk. Utilization of tool group TOlk 
SUM, SUMl • minimum sums of utilizations of two 
chosen tool groups 
~ ______ ~======~--~a 
A=O ; 5=2; SI=2 
N 
Selection of the lowest WPR tool group, 
L WPRTO, TGlk in the STet 
Selection of the highest WPR 
Tool Group HWPRTO, TGlk 
y 
N 
SlOP 
Flow diagram for Tool Grouping Heuristic Rule B 
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Fig. 8.3 (cont.) Flow diagram for Tool Grouping Heuristic Rule B 
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T· M UAKl FMS UNE A 
and raw material I 
/ ~ Store of palletlsed warS! 
~ ./andtool. 
GJ./ GJ--+ Stare of cutlen 
MANDELLI FMS 
Bibl.source: (33) 
Fig. 9.4.1 
Some typical FMS which can be studied with the 
developed simulation model. 
Pallet with 
rotational partl 
Fig. 9.4.1 (cant.) 
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Automatic 
Workplece store 
WOkpiece CarrIer 
Central control 
Bibl.source: (146) 
Some typical FMS which can be studied with the 
developed simulation model. 
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CASE EXAMPLE DESCRIPTION 
Pallet palletising Parts stand Part on pallet Partlb1ank 
entity 
., Single part on Unload finished 
1t~ pallet part 1 0 Single part Load single operation blank 
<I Multiple identi-· Unload all 
• 
eal parts on finished parts 
!t~ <I pallet Load anew 2 0 0 Single part set of iden-operation tieal blanks 
d 
Multiple diffe- Unload all 
rent parts finished parts 
on pallet 
3 Load new sets 
Single part of different 
operation blanks 
, .• • 
Unload finished 
Multiple diffe- parts 
~.~: • rent parts on 0 pallet Transfer semi-4 -processed parts 
'- 0 Multiple part operations Load new sets 
of different 
blanks 
Legend: 0 Unprocessed part 
@ Semi-processed part 
• Processed part 
Fig. 9.4.2 Typical examples of palletising stations and tasks 
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Tool replacement approaches Part-pallet replacement 
approaches 
Tool set replacement on • tool by Direct replacement of part-
tool basis directly from a eamer pallet at machine table 
~~ I 1 Q D 
Tool set replacement on • tool by Shunlc machining table 
tool basis from • back-up store whit a buffer position . 
c;b~ 2 2 I I tOO 
Magazine replacement from Two position shuttle for • 
• back-up local tool store pallet buffer 
o~ 3 3 0 DE:] 
Direct spindle access to a Varying size local pallet buffer 
tool local storage stand Q Qr.=J 4 4 D 11100 ···01 
As 4 but with two tool pallet or Machining indexed table for 
magazine places at the stand a number of buffer positions 
I I q~ 1::::!. 5 5 0 
• 
. 00) 
0 
Schematic representation of tYllicalpart and toOl replacement 
Fig. 9.4.3 approaches which may be combined to cOnfigure a variety of 
machining stations. 
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PALLET PARTS STAND 
Legend: 0 Part - Blank 
@ Part - Semi-processed 
• Part - Processed 
Task! - Depalletisation 
Task 2 - Repalletisation on same pallel either 
on the same or differenl location 
Task 3 - Palletisation of new part or blank: 
Fig. 9.5.1 Basic palletisation tasks 
~ FMS STATIONS 1 2 ... i k n 
I t 1nl ! 0 121 ... il kl 
... 
2 I 12 0 ... 
I I 
k2 
••• 1n2 
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. . . Z (3 0 i I 0 ... lni ~ 1i I 2i' ... ~ k @ '" I lk I 2k ... 0 i1] .•• I nk 
. . . . . 
n I In 12n ... 
I I 
in tu ... 0 
Fig. 9.5.2 The tranSport times belween stations are 
specified though a matrix 
Legend: 
G Transport timcfrom station i to 
stationk 
Transport G tim?from 
stanonk to 
station i 
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BEGIN 
V aria:bles definition 
Data input 
File of I Initialisation data to /bercad 
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clock EQ Simulation 
duration 
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Finalisation 
END 
FIG. 9.6.1 Overall Simulation Model Block Diagram 
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Fig. 9.7.1 The use of simulation of manufacturing systems as a mean of evaluating the influence of input parameters on measures of system performance 
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for experimentation 
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Fig.lO.4.2 
The efficiency of generated tooling configurations by using 
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Effect of tool duplication on FMS Performance to process 
pan mix B in the configured FMS. 
290 
rnlfll0tElElBIZI[iJ Central store of tool groups (Initial tooling configuration) 
MACIllNE GROUP I MACIllNE GROUP II 
lql , , , 
Two groups of two iden-~A~ . .:; tieal limited purpose .. , ..........•. -.:.~-
machining centres ~ 
0 D D D Machine tables 
rJ~ [j ~ rJ Two position pallet shuttles 
++tj Pallet carrier and track I I Fixtured pallet central store I 0000000000000 (capacity=13) and palletising 
area 
*f Two palletising opemtors 
I ODDI Back-up pallet store 
lEGEND: III Tool group to IiI ID Tool group to ill '., useinMCtype ~~ use in MC type 
0 Pallet 
Schematic representation of the FMS configured with two 
Fig. 10.9.1 types of limited purpose machining centres and respective 
tool groups to use in each type for minimum tooling. 
Av Machine 
Utilization 
Finished 
assembly sets 
1.0 
0.9 
O.S 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0.0 
S 
4 
3 
2 
1 
o 
291 
.. 
:3 
~ 
.\1 Heuristic rule B Heuristic rule C 
~ 
o:l 
TCl TC2 TC3 TC4 TCS TC6 TC7 TCS TC9 
Tooling configurations 
Heuristic rule B Heuristic rule C 
TCl TC2 TC3 TC4 TCS TC6 TC7 TCS TC9 
Tooling configurations 
Legend: .Ia<S o MRPAS 
Fig. 10.9.2 
Performance of the limited purpose machining ceotres 
FMS under both FCFS and MRP AS scheduling rules for 
tooling configurations generated under FCFS using two 
tool combination heuristics, namely C and B 
Av.Machine 
utilization 
Fmished 
assembly sets 
Fig. 10.9.3 
292 
Basic 
1.0 tooling 
0.9 
config. Heuristic rule B 
0.8 
0.7 
0.6 
O.S 
0.4 
0.3 
0.2 
0.1 
0.0 
TCI TCIO TCll TCI2 TCI3 
Tooling configurations 
Basic 
tooling Heuristic rule B 
S 
config. 
4 
3 
2 
I 
0 
TCI TClO TCll TCI2 TCI3 
Tooling configurations 
Legend: D MRPAS 
Performance of the limited purpose machining centres 
FMS under both FCFS and MRP AS scheduling rules for 
tooling configurations generated under MRP AS using 
tool combination heuristic B. 
B 
Basic tooling 
config. TCI 
4 
TCIO 
293 
TCll 
4 4 
D 
TCl2 TCl3 
4 4 
TC14 TC15 
4 .835 4 
LEGEND: 
D • Ungrouping.regrouping 
heuristic combination rule 
B • Tool combination Heuris· 
tic rule B 
Av. Machine 
Fig. 10.9.4 
Tooling 
Fmished 
assy. sets 
FMS perfonnance improvement and sequence development of 
tooling configurations through the use of the ungrouping· 
·regrouping tool combination heuristic rule, Rule D. 
B 
Basic tooling 
config. TCI 
LEGEND: 
TCIO 
D • Ungrouping·regrouping 
heuristic combination rule 
B • Tool combination Heuris· 
tic rule B 
Av. Machine Tooling 
Fmished 
&Ssy. sets 
294 
TCll TCl2 
.867 
TCl4 
.934 
Fig. 10.9.5 
improved FMS performance through the use of the 
ungrouping·regrouping 1001 combination heuristic rule· 
·Normalized Utilization view 
TCl3 
.900 
Fmished 
....., 
011 .... 
c 
-.• i: -8 
-e 
::s 
.§ 
c 
.• 
::a 
'-' 
c 
0 
.= 
... 
t.l 
:::I 
Cl. 
::s 
..., 
-
.., 
'" 
.. 
- -0 i: 9 
~ 
Fig. 10.10.1 
Av. Machine 
utilization 
295 
Machine utilization 
.970 .970 
.963 
Output Parts Ratio (WPR) 
7 
7 7 
6 6 6 6 
S 
6 6 
444 
.. ~J~~ 
4 S 6 7 
Comparison of the perfonnance of the limited purpose machining 
centres configured FMS for the full tool replication tooling confi· 
guration and tooling configurations under nO tool set duplication. 
296 
Average Machine Utilization = 0.672 
Fmished Assembly Sets = 4 
Tool group utilization 
1.0 /!!-
§og 0.8 
~ .~ 0.6 
.d!. 8:.3 .43 !-< :l 
-0.4 ~ 
,::! 
0.2 n 
0.0 
I 2 3 4 S 6 
Basic tool groups 
Output parts ratio (WPR) 
7 
6 r- -r- r- r- r-r-
n2 !~ S 
§. ·i 8 .. 
Fig. 10.11.1 
4 I""" 
3 
2 
1 
0 
1 2 3 4 S 6 7 8 
Part types 
Summarized FMS perfonnance under the basic tooling 
configuration for part mix A - Limited Purpose Machines 
case 
297 
Basic tooling con fig. - TCl 
, 
....--iI . Ij--Il:'=;< 
0.' ~--a-__ ~.-dP"' 
::> 
;;..-
" 
~ --..-...,./ ,
z 0.' 
0 
~ 
N 
:! ~ .. .. § 0.1 6~ 6 .. " w Z o!o J: fro 
" ':i 
" 
0.' 
oi 
w 
~ 
0.' " 
Leg.nd 
t. l1(r or tllfUlltD ~lllru 
X !...ll!1 ~ill!.!~ 
0 L!..U.l..2t.~,..!\"to ""ll;.(H 
0 ~"1.'II'U' I'll\['l 
0.4 . 
0 2 • • • 
,. 12 
ASSEMBLY SET BATCH SIZE - ASBS 
Tooling con fig. - TC2 
, 
, ::;\\:.:"""~::.:7.~=.-t!'-~~ H ~- p.. • ~. 0 :S::~=ll=',.-a-":.a-. .a...... . 
0.' -s-" " 
"S........s... ~ 
::> 
...... 9-tt~ 
" , ""tt" 
z ••• 2 
.!:l 
N 
:! § 
'.1 
w 
~ 
':i 
" ei ~ 
.. , 
L.gtnd 
.. , t. I 's' 4)r rluu_rD "l~f" .. 
X ' UI' !!.!!!.'~".ll1!l 
0 !...1!.!Ut.':.!~~l~t!~ 
0 .. Sflt or 'Il'U'to "Up! 
••• , , 
, , , , 
• 2 • 
, 
• 10 12 ASSEMBLY SET BATCH SIZE - ASBS 
Behaviour of machine utilization with ASBS for two 
Fig. 10.12.1 different tooling configurations under the same 
available minimum tools and for different pallet levels 
G.' 
~ 
I 
Z 0.8 
Q 
~ 
~ _ 0.7 
I 
:5 
II 
G.' 
G.' 
298 
Full 1001 replication-TC3 
I.tg.nd 
l:l. I 'U 0" nuu.u ,.u.rrs 
X J S(lS ~'!!!C".!:.!:1!.! 
o I 'P' O~~I!U.tD I ... l!:.!!\; 
I8J .. !Sf' or rl!!~'!: 
G .• -!-----.-----.-----.----....-----,----..., 
o .2 .. • a 10 12 
Fig. 10.12.2 
ASSEMBLY SET BATCH SIZE - ASBS 
Machine utilization for different pallet levels under 
full tool replication in every machining centre of 
the FMS 
••• 
'" 
~ 
~ 
I 
••• X 
'" Cl ;; 
'" 
" 
... 
;: 
~ 
~ 
J: 
" 
••• 
5 
~ 
••• ~ 
'" VI 
!J 
'" 
" '  VI~ 
0.' 
0.' 
'.2 
;: 
~ 
• I.' X 
'" Cl ;; 
'" ... ~ 
~ 
~ 
J: I.. 
" 
" 0 
'" ~ 1.2 ~ 
'" VI 
!J 
'" 
" '  VI 
VI 
.. 
0.' 
299 
Basic tooling config.TC1 
0 • • • • ASSEMBLY SET BATCH SIZE - ASBS 
Tooling config. TC2 
10 
L.gend 
I::! I ur or ".11,.(11 ,u"" 
X t.!!!! !.U!¥~~ o , SSfS o~.rJ&J,!!~1o.!:C!l: 
I8l • ItU 0' rl!.r~~llS.'! 
" 
Legend 6 I ut or rU'u'r~ 'Il~(n 
X lJ.1.!.1 or r .. I~~ 
o !..1!!1...9 t. t:!~ ~.!!2 .. !!H;,C!\ 
I2l • HIS or r'!.I~t! 
0.' 0---' 'r---" ~ . ~ ~ I~ • 
" 
• .. 
Fig. 10.12.3 
ASSEMBLY SET BATCH SIZE - ASBS 
Assembly Set Throughput Time Index under two tooling 
configurations combining the same number of tools for 
different pallet levels. 
2.2 
<= 2 ~ I 
X I.' 
'" 0 
;!; 
'" 
" 
I.' <= 
~ 
~ 
J: \ .. 
'" 
" 0 ~ 
~ \.2 
~ 
'" Vl 
~ \ 
" f/ '  Vl~ 0.' 
0.' 
0 2 
Fig. 10.12.4 
300 
Full 1001 replicalion TC3 
"El f'f"" , 
, 
I3'" 
,'Ill 
/,' 
.a/" j" ~-¥ 
: )'/ 
,£...? ......... / 
/~' 
", 
• 
, 
• \0 ASSEMBLY SET BATCH SIZE - ASBS 
legend 
!:l, lsrrOrttUIJ'IfO'IlUlS 
X J ifTS 9.U!!!1f!!!.!~ 
o !.J..t.I!.!!. QUI/'co "~1[.n 
I8J 1..U.!l..ll..n!.'~'! 
" 
Assembly Set Throughput Time Index for four pallet 
levels under full tool replication in every machining 
centre 
301 
Basic tooling config.TC1 
" B-""",-El-'-E! 
d.·~oo~ 
" l!: OAj/ " 52 . !!. '0 l< 
'" '" ...
r 
u 
0 
&: • 
l!: 
'" 0: 0 
3: legend 
• t:. t ~(t or '11 ru.n ~.lLn' X 1..l!..!.1 or ,,,'I,IUO P":lU.!l 
0 I 10(" O!.~':.!'~L~C!~ 
181 ~1~IU.tO"'IL'r! 
• • - ---
, , , , 
0 2 • • • '0 " ASSEMBLY SET BATCH SIZE - ASBS 
Tooling config. TC2 
" r'!I--~ 
. .-"'-
'f!f"" /-
3 12 t, /~ 
~ ~ __ K" ~;:x-- ...... 
• ~.,~ lo 
I '0 ~a,/' 
'" 
'" ,;--/ ~ ... u 0 &: 
l!: • 
'" 0: 0 
3: 
.. 
... 
• Legend 
" 
. t> I H' or "nullo •• urlS 
X Ull! 2!.!.!!.!~~ 
0 1J.!.!l.!!. ':.l-.!'!!!..2..!!. .. ~tl~ 
0 .. SflS or rt~I~'! 
· ,
, , , , , , 
0 , • • • '0 " ASSEMBLY SET BATCH SIZE - ASBS 
Work in process under two tooling configurations 
Fig. 10.12.5 combining the same minimum number of tools for 
different pallet levels. 
302 
Full 1001 replication TC3 
" 
.IT' ~.-!-:JI :;!1 .. 
" ,/ / ~ / 
~ " .~-.,( 
. 
" /1"-j 
~ 1O p''''!/ ... u 0 . :;;.--
'" • b-e. h 3: 
'" I -" '" • 0 .-<r ~ ~ L·gend , 6 I U I lit r,.:IUUD '.uns 
X , H n ~':!1!.! • .!..ll.!! 
• 
0 UJ.!.!...2!.'.!~~l!:.'!~ 
Gl ~'!.I~I! 
, 
• • 
, , , 
• 
, 
• • • •• " ASS£MBLY s£r BATCH SIZ£ - ASBS 
Fig. 10.12.6 Work in process for different pallet levels 
under full tool replication in every machining centre 
of the FMS 
" 
" I 
0.' 
Z 0.8 
o (1 
':i 
5 0.7 
!;! 
~ 0.' 
0.' 
303 
1 Set of fixtured pallets 
a) 
Legend 
A r •• "", un", re" 
X !!!i!.1""i"'J~t...!S.! 
CJ O:!.!..!!.:'!tpli~T.s:! 
O .• -!-----r-----r-----,-----,-----.----..., 
, 
0.' 
" 
" I 
Z 0.' 
0 (1 
N 
;;J 
~ 0.7 
" ...
~ 
';l 
" 0.' i5 
it 
0.' 
0.' 
o 2 4 6 8 10 ~ 
ASSEMBLY SET BATCH SIZE - ASBS 
2 Sets of fixtured pallets 
0 ~ ~ ~ 
ASSEMBLY SETS BATCH SIZE - ASBS 
, 
10 
b) 
Legend 
A Tooli .. , CoOn,I.,. TC2 
X !.2.!.!.!. '.!!.!.!,O!!!!J..!C_'_ 
o ~1,::,pl'~T ... el 
, 
" 
Fig. 10.12.7 
Machine utilization under different levels of fixtured 
pallets for three tooling configurations 
I 
0.9 
~ 
'" I 
Z 0.5 
0 
ii 
N 
::I 
'" ~ 0.7 
'" Z ;: 
U 
.. 
" ai 0.6 
'" ~ 
0.' 
304 
3 Sets of fixtured pallets 
c) 
legend 
!:J. r ...... , c ..... , .• fCl 
X !!.1l!..'UII,,' CC.,,'i,.:.!5.! 
o ~!·J'!.i~'.H 
0.' 
0 +-------~2------~.------~.----- --i'------~,~~-----,,~ 
~ 
'" I 
09 
Z o.a 
o 
ii 
~ _ 0.7 
I 
is 
~ 
0.6 
0.' 
ASSEMBLY SET BATCH SIZE - ASBS 
4 Sets of fixtured pallets 
·o-o·--&· .. -e-·· .. -e-··G---O-O .. --£)----&----E] 
d) 
legend 
II roolil'l! c ... lls. rC2 
X !.!.!!!.lu""9 c,",ItlE.! 
.L ______ T ______ -r-______ -r-______ -.-______ -.-____ ...:O:.,~I.:'lii!.!.!.2.rS.' 
0." :. 
o 2 .. 6 a 10 12 
Fig. 10.12.7 
(Cont'd) 
ASSEMBLY SET BATCH SIZE - ASBS 
Machine utilization under different levels of fixtured 
pallets for the three tooling configurations 
ei 
I 0.8 
o 
Si 
" 5 
~ 0.1 ~ 
~ 
,,. 0.4 
I I! 
~ 0.2 
305 
FCFS 
1 Set of fix tu red pallets 
;\ 
I \ ~i'0;'" IP-.... ~a-\ ~ c .' 7\.. \ "/" r/I \ / \ \ j''\- "3 ->;i-~ __ 
')( b"re - (! - e 
\ 
\ 
~ 
\ 
\ 
\ 
a) 
Legend 
fj. rull", (Oil!!,. re2 
X !.!!!.!. t •• II"II.!.!:!!L!!! 
o ~I_,!p!'!!!!!!!.r:! \ .+------r------~----~----~--~~~~--~ 
• 
ei 
I 
••• Q 
.. 
" Z 
9 
.. 
• •• 
'" Z 0 
" l: U 
Z ,. 
V> ••• 
'" ~ 
::> 
ti 
I! 
::> '.2 z 
« 
::I 
• 
• 
Fig. 10.12.8 
2 • , a 10 12 
2 
ASSEMBLY SET BATCH SIZE - ASBS 
FCFS 
2 Sets of fixtured pallets 
• • • ASSEMBLY SET BATCH SIZE - ASBS 
\ 
10 
\ 
\ 
\ 
\ 
" 
b) 
legend 
~ r"" .. ,c."III.-TCI 
X ~"'I''''~..:!SJ 
CJ ~!.J'!.:~s .... 
Manufacturing ~ynchronization Ratio for the three 
. tooling configurations under different number'. 
of pallets ." ,. ~t, 
'" V> 
I a.a 
Q 
'< 
'" z 
0 ('i a .• N 
z 
0 
'" :z: u 
z ,. 
V> a .• 
" l!;
'" ::> t; 
i:! 
::> 
Z 
0.2 
"" 
" 
a 
a 
'" V> 
0 a .• ('i 
'" z 
0 ('i 
to! a .• 
z 
0 
'" 5 
z ,. 
V> 
" 
a .• 
~ 
5 
i:! 
::> 
~ 0.2 
" 
a 
a 
Fig. 10.12.8 
(Cont'd) 
306 
FCFS 
3 Sets of fixtured pollets 
.-R, 
'0-f\--'" r// \ 
. -~\j. 
"- / \ I .. \ 
-.: X '\ 
\ 
\. \ \ \ \ Cl. '\~ 
• • • " ASSEMBLY SET BATCH SIZE - ASBS 
FCFS 
4 Sets of fixtured pallets 
.-R, 
.o-1J\--. 
"-' , I .~ 
I . .rzf \ / '. 
" 
"--I "-\ 
\ 
\ 
\ 
\ 
\ 
\ 
2 • • • " ASSEMBLY SET BATCH SIZE - ASBS 
12 
12 
c) 
Legend 
~ To.I;,,! con",. rC2 
X !.!!!!.looli,uJ...ll!!!t!E 
o ~1!!.Pl'!...!U- .... 
d) 
Legend 
t:. r •• " ... C'''''I .rC2 
X !!!.!:..1 •• Il", COl'lIl,~ 
0 ~I!'J'!!~'S:!' 
Manufacturing Synchronization Ratio for the three 
tooling configurations under different number .I;, 
of pallets ". 'r t 
307 
Basic looling config. - rCl 
1 Sel of fix lured pallets 
o+-----~----~--~~--~~~~--~~ 
o ,,' a 10 11 
Legend 
A~ 
x ~A.L. 
Fig. 10.12.9 
ei 
I O. 
~ 
.. 
~ 
'.;( 0.6 ~ 
I 
•. o. 
ASSE~BLY SET BATCH SIZE - ASBS 
Comparison of the behaviour of the two scheduling 
rules FCFS and MRPAS for a system set-up with 
a single set of fixtured pallets and the basic tooling 
configuration 
Basic looting config. TCl 
3 Sels of fixlured pallels 
. +-----~----_r----~------~----~~~~ o ",. 10 11 
Legend 
A~ 
x ~"L . 
ASSE~BLY SET BATCH SIZE - ASBS 
Fig. 10.12.10 
Comparison of the behaviour of the two scheduling 
rules FCFS and MRPAS for a system set-up with 
three sets of fixtured pallets and the basic tooling 
confi!=luration 
308 
Tooling con fig. - TC2 
1 Set of fixtured pellets 
G+-----~----~------~----~----~------
Legend 
c.~ 
)( ~"l-. 
o • 6 • 10 11 
Fig. 10.12.11 
, 
.. 
VI 
, 
2 
GO 
';; 
.. 
% 
5 0.' 
% 
0 
.. 
x 
u 
z ,. 
VI 0 .• 
" ~
.. 
" ~ ~ 
~ 0.: 
~ 
G • , 
• • 
I 
Fig. 10.12.12 
ASSEMBLY SeT 8ATCli SIZC - AS8S 
Comparison of the behaviour of the two scheduling 
rules FCFS and MRPAS for a system set-up with 
a single set of fixtured pallets and the well 
performing tooling configuration TC2 
.- _ .. --." . 
.".-
Tooling con fig. - TC2 
3 Sets of fixtured pallets 
.~ -----"'" 
'\ 
\ 
\ 
\ 
~ 
--- -. 
-" 
. -
Legend 
A~ 
x ~A.L.. 
, , , , , 
• • • .. 
" ASSeMBLY SET BATCH Slzt - ASSS 
Comparison of the behaviour of the two scheduling 
rules FCFS and MRPAS for a system set-up with 
three set of fixtured pallets and the well 
performing tooling configuration TC2 
-
· 
\ 
309 
rull 1001 replica lion-TC3 
1 Sel of fix lured pallels 
\ 
')( 
/ 
/ 
. +-----~----~------~----~----~-----, 
Legend 
~~ 
x ~':.L. . 
o :2 .. , • 10 12 
ASSElABLY StT BATCH SIZE - ASBS 
~---------,---------------------------------------
Rg. 10.12.13 
ei 
I .. 
~ g 
-0( 0.' 
I 
'" 0." 
;;; 
~ 
1:! 
~ 0.2 
Comparison of the behaviour of the two scheduling 
rules FCFS and MRPAS for a system set-up with 
a single set of fixtured pallets and full replication 
in every machining centre of the FMS. 
rull 1001 replica lion-TC3 
3 Se Is of fixlured pallels 
'/ \\ 
/ ~ 
/ \ 
-J. \ 
\ 
\ 
\ 
\ 
\ 
\ 
~ 
• +-----~----_r----~------__ ----~~~~ 
legend 
A ts!!-
)( ~".L . 
Q :2 .. , , 
" " ASSEMBLY StT BATCH SIZE - Asas 
1------,-------------------------
Rg.10.12.14 
Comparison of the behaviour of the two scheduling 
rules FCFS and MRPAS for a system set-up with 
three set of fixtured pallets and full replication 
in every machining centre of the FMS. 
310 
TABLE S 
Table S.I: A IUmmaty of lH c ...... cteriltiCl of l&mulltiOll 
DA1II NAMS OI!SClUP11ON/PUIlPOSB lANOUAlll! aRAPIL IoBNERAlre DBTAIIJ 
CAPABS. roMl'U!XllY 
1971 UTS •• StlMl, a 1arJ. variety of FM! ph,..kal SIMSCRJPT N 1Ii, .. Ill ... 
Cloall,,,,.tlollo. aAd MUS. 
1913 
· 
OCllcraUZed Model of FMS SIMSClUPT N HI, .. MdiulD 
1,5 
1976 IotUZlK -Modullr Simultltioa for Fledb" FORTRAN U Hi, .. Medl •• 
llaked MIDuCacturlD, S,..lem. (OPSS) 
1976 CATUNB SlmulatioD of coatrol aDd op.lt5GB" CASPJV N V", Low HI,. 
il.UN of dae CalelpU., LID. 
1971 00dS ·OCDUloI Computerized Ma.uC .. OASPlV I/O HI, .. Medhl. 
cturiD, S)"lem Slmulator· FORTRAN I 
1917 PSWZ Pro,. nr SlmulaL der Vctkaeu,nuue BASIC Mad hi. tII, .. 
FORTRAN 
1911 CMIIASS Complea MlIluf.HaadliD, aDd MIY. BASIC N U U 
S)'ltelD. Simulator 
1971 <nII.DI PMS .Imulatloll with caT dllpla)' fot A mab Lew 
evalultln, the Ceulbility of CMS 
1911 
· 
Slmulltloll or IIMS fot Rot.Paru SIMULA N Medi •• Medh". 
1971 01lMS Dcaeral. MlAuCaclurlD, Slmulllor Q<lIlRT I 1Il,Ia Medl'QlIl 
1971 
· 
SlmulltioD for evlluatwo or or,lAiu U N Hla b Low 
donlt meuu1'Ol I. Maauf. S)'.tcm. 
mode" developed for ItudpiDJ PMS deat,a aad opuatioa (a) 
ORIOEN 1OOIJNO 'IYPI! PRACIlCAL FMS 
Re •• lDltltutioa COUDltp SYIl!M 
"'ooew", 
APPUCA nONS 
It .t. Tttder USA N lot Se.,eral 
Wu.:omllo UDly, USA N lot AUiI Culmen fMS 
IPA-Stun,arl MI N lot S.veral 
~rdu. U.lv. USA N lot c,.tcrpllar LID. 
. 
~rd .. UIIoI.,. USA N lot RockweU FIt. 
AcheD UDlv. MI Y lot Mou.B.B. FMS • WO 
"'IT USA N lot U 
"'IT USA N lot U 
Berlhl UlIoty. MI N 
'" 
PUot FMS for ROL Pan. 
Il Berlin UGly. 
Tau AA.M UDiv. USA U 0 U 
Aacbeo U.I,. MI N M U 
/nmuoa 
tb' 
S 
31;18 
5;35 
n 
21;20;32 
56 
2 
7,30 
5 
2,1.30 
1\ 
OBSERVATIONS 
RItU iD a UNIV AC 1108 
Bmphlll. oa MIIS wit" cuu 
RuG la • UNIVAC 1108 
Requlrn .peclaU.t 
howlede. 
SpcclOc to Caterpllar lI.e 
Emphull OD MUS:. GASP 
.ud 1 POR1RAN ycnioD. 
Pon-proc.u.d a.lmatloD 
lA a CRT dl.play; Simulatioo 
" only part oC COSMOS 
$upervilwn of SPUR,O. 
Run ID a DBCI0/20 IDd 
w 
-
-
Table S.I: A aumlOary of lbe cbanctoriluCI of .IIOUlatioD 
DAlI! NAMI! DI!SCIUPI10N/I'URI'OSS LANOUAOf. ORAPI •• 
"" 
DBTAlL/ 
CAPABS. OOMIUXJIY 
1918 JRHMC SlIJ4, put mia aoloc:tJoa. wott now Q(lOO' I Low U 
.. 4 ,roc:ua Mleello. la CMS 
1979 CAMSAM Pinl ...... Dail. of PMS U N Medium Very Low 
Hl19 HAIIMS -Ad"'lIced 8aleb MaDulaClutln, OCSL N Ve't'J HIP. V." Low 
S,.tem. Model-
1919 VMSId Model 10 Itwly Ibe V.rIablo Mlui .. i""~r U HII· U 
aylema frOIll CiaelDatd Mllaer" 
1980 Q-CAN-Q Slmula1el tAN..Q Ma&b, Modal Q<JHIT I HI,. Very Low 
1911 IlL Cub Ca u.. OCSL U Low Low 
1911 OI!MS -ooaoral Pluibl. Maaufaeturilll roRTRAN7 U HlI· Modium 
Sy.toma Slmulatot· oASP IV 
1981 SIKTAS SlIDubtlo. for Complex Tecblllcal roR11lAN I/O/A Hla'" IIllb 
ElemdDlOI aDd Syatema PASCAL 
1982 FIST I'loaihl. IDto,n.ted SiaullaUou Tool roR11lAN N Low Low 
1982 SI'IlBD PMS ModoUlna roR11lAN6 U Medium Medlu. 
1983 MAP/I ModeUlal Aaaty.1a ProaJl .. Slmu- SLAM N V"" Hip Modium-Low 
ladoll of aay 8.tcll MAlluf. S)'llem 
lIIodoll moloped fot ltudylol PMS 4 .. 1,8 aD4 opotatlo. (COOl.) 
ORIOP.N 'IOOUNO 1YPB PRAC11CAL PMS 
Rllla.lDadtulleD COUDlt)' SYTBM l...ooBllJN 
APPUCA110NS 
htd" U.i •• USA N M mlenon RaD4 L1 .. 
htdu. Uulv. USA N M Rockwen PTL; CatapUlt 
..iJt.j la,etlolI RAlld LiD 
WI.co"ai. V"I •• USA N M U 
Clacl"aut Mllac. USA N M Variable Mualoa Syall. 
hrduo Ual •• USA N M CalerpUar Ua. 
On,er ub. USA N M U 
Draper ub. USA N Id U 
Stulllatt UDiv. WO Y 0 I'MSa at Stul&.U.lv. and 
8urkbart AWobbet 
(IUODis lDat,Tecb USA N Id U 
1I0rlzou Sw. lac. USA N Id U 
Pritakot .I: Alle. USA N 0 AD PMS rOt tnIIImla.loa 
..... 
BlBIJOO 
SOlJIlCES 
14 
14 
,. 
14;3 
14 
• 
• 
6 
.. 
• 
27;28 
OBSl!.RYA1lONS 
IIihty IlmpUfled l1li0' 
dol1l·1 a .. umptio •• , 
CaD ruo iD &be coatrol 
computet of the VM Sy.lI. 
ReUol oa aM Ilmpllfiod 
.aump"o.a of CAN-Q 
Two Ilalu.,. ba.ed 
modola are .",nabl. 
Emphaaia OD CiUl MUS •• 
IDler.Modal OOllonc, avallab. 
'" 
-N 
T .... U A .IIIIUII." 01 &be cbltfoClellldc. 01 .tlllulaUOD 11104011 "1folopc4 for 'lUII,11I, PMS duip ... op.ndo .. (coat.) 
DATB NAME DBSOUP11ON/PURI'OSB I»lOUAOl! ORAPlI. rBNERALI'n DBTAlU ORKleN rooIlNO 1YPI! I'kACTlCAL PM! omuoo OBSERVATIONS 
CAPABS. roMPI.exrrY Re •• lanitutloD Coualf, SY'IllM APPUCATIONS SOURCES 
"oonu,", 
• 983 
-
SlmUlaUoD model SO ..,.ba.to coalrDl I!CSL N ModlulD Lo • Lou,hbonu," (11 N Id U • policl. lo FMS. ror RoL PatI. U.lv. 
I"" FMSSlM PM! Slmlll.tor FORT8AII I/O/A 111,111 Modlum WeY .. t. Ual •• CI.ld. N Id U 93;9 Bmpha.iI OD MUS. Sepa-
rated SW tor anlmlltlOD 
Bmphuil OD MUS; U.c •• 
19n RI!f\J!X Rl!IIlaUlt PMS SlmuJ.tor FORT8AII A M,dlulIl 111,11 al.ault Ptue. Y Id Rcuuh PMS 
" 
.0pU.led "'lem to vb.a-
11z. th, limulatioa iD • eRT 
1'83 Simal.doD 0' the AOV'. Detwott r .. U U U U <JlMAIl Ilat, U Id IllMAUI'MS 
" the COMAU FMS 
198'3 <JI'DI!MS ·Oeaetal Dilcreto e,eat Manuf.clul iroRnwm I/O/A H1lk HI ... Ua, ••. :NII·Y· lap .. Y 0 U 19 Implem. III • MiDl-comp. 
Sll11l1latot· (OASP IV) o..c. an' Kobl OOMV6000 
1983 SUa.Modol feN' ,'lid,. fCbe4ullDI S\AldD N Lo. Medium Tn .. Vol., an. USA Y Id PropolM Alrcrart lad. I 123 liDOI or SUM oodo add 
problem. le FM! FORT8AII lI.,ri. Corpora •• !'MS 1nl liDCI or FORTRAN code 
1984 MAST Maauracturl_, Automated S,..le_ FOR'lIIAN I/O/A "lib U CMS ReI. lac. USA U Id M .. ,. 22;' Aalmalloa throulb .h. 
De.I.8 Tool DRAM prolRm 
1915 PAnlSlM Modu.... Slmulltloa MOItol rot Auto- SLAM N Medium Medhl .. PlIed.. Ualv •• O.B. USA,OB Y Id U 1;27 I!.mphull OD Pb,..lcal Coor. 
matlc Tool Haadl10l and ID.IGlIoU Ea or TooliDl s,..temI or FM!. 
1985 KOMl A .ba\lllllot rot PMS. PASCAL I/O/A 1.4edlll .. Medium Tokyo U.I". hp .. N Id PM. rot I!.acantorl-Jap. •• Data lapua by IcoD' 
ISl8S UOSOI'MS ·U.er Orlwed Simulator Oon .... lOr cl BASIC I/O Lo. Lo. a ........ r ...IIL NY-UIA N 0 U 11 Codecl or the leaalled modol 
0011,8 aad CODb'ol FMS· IS[MAN obtamed ID SWAN 
1915 PASTSlM Dellla .cd PedonD.l!.vatuadoa or PM FOR~ N ModllllD Lo. M""". hal)' N Id U 2. Runt la V AX1S0 and DBC350 
tbroulh Slmul.tl08 Simllaritl. witll Q-CAN-Q 
T..,leU: A Iwnmary of tile dIIancterllUc. of .bllulalio. .odela d ..... lopod. for Ibld),"', PMS dOlia_ and opentioa (coat.) 
DA1B NAMB DIlSCRIP'ItONJPURI'OSB lANOUAOI!. GRAPH. OllNERAun DBTAlL/ ORIOI!N TOOUNO 1YPB PRACDCAL PMS umuoo ODSI1RVA11ONS 
CAPABS. OOMPIJ!XD'Y a.I.I •• &l\u1ioa Couatr, SY11!ld 
MOIlHUJN( 
APPUCAnONS SOURrnS 
1985 MODIlL A .Imulado. Prolram. ror MaaufachI U I/O/A Hllh M.dium Oeneral ;elecute USA ,U 0 Inael Alrlrall Iadu.try 26;1' 
MAS11!R rinl System. SlUd, PM" 
1985 SlmulllUoa of 1ho ),IulDo Mu FMS C,aafi.ld ID Y M M.1dno MAX fMS lS 
Ins TDImM SlmulatioD of Tool SYltem Reqwuru. roa=~ OIA Low JUl· McMutof Ualv. eaaada y M U 10 ,\Dlm,UolI en a cololll rer,elb ill 11 PMS wllb Tool c.ru Di'pl., or VT-l00 lUmiul 
1986 GISA G,.pbical IDl0rall .. Slmulalloll a04 SI.Ald I/OIA Hi,1a HJ,b "acho. Ualv. \IiO Y D U • Modelllnl by Icons A.lmatloD 
1986 LUSS(I'S Oeneral Manufactu,l_, Simulator U I Hllb III,h Sy.t.a.a.Lab •.• f hp .. U M PMS for telephoae U latoracti.. Simulation of 
Nlpo. Bloctrlc .qulp.o.c varloul now .tructure. 
1986 ClIBD/STh Scbedull., Ibroulh aI.ul,doll U I/O/A Hl,b Low Pactrol lac. USA N M Soveral 16 
1916 XMAS I!.J;po" S),lt.for Maa.UlmulaUoa. RtOI.OO U U U Techaical Ual .. , DeD ... d: U 0 U S1 ModeU buldlal laku oaly 
• rew boun 
1981 FMS-SBT Slmulatloa of .. PMS for TwblAe l'<lII1'lIAN" N Medhu. Hl,b ADlaldo ad hal, Y M Aaaaldo CompoaClllll FMB l. Rue. in V AX ll/M1ccro VMC 
Bladol Automata 
8,.li0ii: I laput (a) • Bue4 OD ... iloble I'DfetolloCCl 
PMS PI .. iblo Ma.aufactutlDI 5)'.telD 0 Outpul 
m. Plodblo Tran.ler Llno A A.ilDado. (b) • Sce Bibllppb)' oa P .. o 212 
CMS ComputCll'bed Maaufactu,lD SYltem I/OIA Jap.l/Outpul/AallDatloD 
MIIS Material " .. dUa, 5),.teat M M.401 
IPA Iutllute for ProduclloD Automatlo. 0 Model ,eao,.tor 
PIIO PnlDtlofct IDltlhllo for Pro4ucdoD. U Ullhow. 
y Y •• 
N No 
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Table 8.1 - Number of Tooling Configurations, a' n with n tool groups 
formed from t basic tool sets 
~ 1 2 3 4 5 6 7 8 9 10 11 
1 1 1 1 1 1 1 1 1 1 1 1 
2 1 3 7 15 31 63 127 255 511 1023 
3 1 6 25 90 301 966 3025 9330 28501 
4 1 10 65 350 1701 7770 34105 145750 
5 1 15 140 1050 6951 42525 246730 
6 1 21 266 2646 22827 179487 
7 1 28 462 4494 54285 
8 1 36 750 10494 
9 1 45 1155 
10 1 54 
11 1 
Gt 1 2 5 15 52 203 877 4140 21147 114589 667481 
lEGEND: 
t 
Gt=LG~ at (f- I an' n= -I + n· t-I 
n=1 
t - Number of Basic Tool Sets 
n 
-
Number of Tool Groups in a Particular Tooling Configuration 
o!- Number of Tooling Configurations with n Tool Groups each 
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Table 8.2 • Maximum number Gm t of Tooling Configurations which can 
be generated from a number of t Basic Tool Sets to run FMS~ 
with a number m of Machining Centres. 
~ 1 2 3 4 5 6 7 8 9 
1 1 2 5 15 52 203 877 4140 21147 
2 1 4 14 51 202 876 4139 21146 
3 1 7 36 171 813 4012 20891 
4 1 11 81 512 3046 17866 
5 1 16 162 1345 10096 
6 1 22 295 3145 
7 1 29 499 
8 1 37 
9 1 
10 
11 
LEGEND: 
t t 
Gmt= I, or Gmt = <t.\ + I, n.G~~11 
n=m n=m+l 
Gmt • Maximum number of Tooling Configurations 
m • Number of Machining Centres in an FMS 
10 
114589 
114588 
114077 
104747 
70642 
28117 
5290 
796 
46 
1 
t • Number of Basic Tool Sets Cortesponding to as many NC global part· 
operations 
G~ • Number of Tooling Configurations with n tool groups generated 
from t Basic Tool Sets 
11 
667481 
667480 
666457 
637956 
492206 
245476 
65989 
11704 
1210 
55 
1 
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Table 10.2.1 : Typical Part mix 
Part type 1 2 3 4 5 6 7 8 9 
Number of parts 2 1 1 1 1 1 1 1 1 per Assy. Set 
. 
Table 10.2.2 : Part-Operation times of the selected 
part mix 
Operation Times (min) 
Part type 
1st Opn. 2ndOpn 3rdOpn 
1 47 43 40 
2 52 67 
-
3 53 27 20 
4 53 27 20 
5 15 -
-
6 15 
- -
7 9 9 10 
8 9 9 10 
9 7 11 -
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Table 10.3.1: Alternative combinations for studying the influence 
of tooling levels and tooling configurations on FMS 
performance. 
Number of JllI:JCi1>ilit)' 
alt!:mativl: Levl:l of tool 
tooling of thl: machining duplication 
stations 
situations 
f\OIlE 
1 
Minimum tooling 
Multipurposl: 
RESIRlCIED 
2 machining Restricted and conU'OlIed 
stations tool duplication 
MAXIMUM 
3 Full tool replication 
in every machine 
f\OIlE 
4 Minimum tooling 
Limit!:d purpOSI: RFSIRlCIED 
5 machining 
stations Restricted and conU'OIIed tool duplication 
MAXIMUM 
6 Full tool replication 
in every marhine 
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Table 10.4.1 : Basic tooling configuration, tool sets and 
corresponding part-operations 
Basic tool Number Basic Part 
groups of Tool Operations 
tools sets 
1 18 1 1.1 2 1.2 
2 22 3 1.3 
3 18 4 2.1 
4 24 5 2.2 
6 3.1 
5 7 7 4.1 
8 3.2 
6 6 9 4.2 
7 7 10 3.3 11 4.3 
12 5.1 
13 6.1 
14 7.1 
8 22 15 8.1 16 7.2 
17 8.2 
18 7.3 
19 8.3 
20 9.1 
21 9.2 
T .... 1004.2 • GueraUoa 01 t.OOUIlI coafIpnUolUI froat IbI tII.~ ODl al1q ......... , 
cboIea pain 0' tDoI ... ID be CG111biD114 r. Ibo FMS ...... uder I'CPS 
acbDdIliDI ralt 
Toolkl. ccmfI laJtI •• bul ••• do.l, .... , .... toolh • ... ,. .......... 
......... 100U •• 00 ........... 
coall,Il,a •. 
Tool ttl 1'0 TO 'mI TCS TOI TO 10 10 ttI. ttll ttl2 ttlJ ttl' ttIJ TCI6 ttl7 ttll TCIt TC2D TC21 TC22 TC23 T04 Ta. 
,rn,' (1'001 Soli) 
1.2 110' 
I 1.2 1.2 1.2 '.7 '10' 0 0 0 0 1.2 1.2 1.2 0 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 0 0 0 0 PM! nuwIII 
Illol! 121021 121021 I.' I.' period: 
..-
lD.11 alabl hour 
2 , S •••• S,'.' " •. t 0 I.U 1.2.' I .... 1.2.] • , , I .. ' , 0 0 0 , S.6.1 S,6,7 ',6.7 • I.' 1.2 1.2 ob"" 121021 121021 I.' '.' '.' '.' 
• • • • • • • • • • • • 4,6,1 •• 6.7 • • • • 
0 0 0 0 • • • • 121021 121021 
• • • • • • • '.'.t 5,'.' 5 •• .1 S S • S 5,6,7 '''.''7 0 0 • S • • 5.1,a 0 0 0 121021 121021 121021 121021 10,n 10,11 
• _.7 _.7 6,7 0 0 _.7 _.7 _.7 _.7 _.7 _.7 0 0 0 0 0 0 6,7 0 0 0 _.7 _.7 _.7 0 
-
'.' 
0 0 0 0 I.' 0 0 0 I.' 0 0 0 I.' I.' I.' I.' I.' I.' '.' 4,'.' I.' I.' I.' I.' 121021 
7 10,11 10,11 10.11 10,11 10,n 10.11 10,11 10,11 0 10,11 10,n 10,11 10,11 10,11 10,ll 10,11 10,11 10,11 10,11 0 0 10,11 10,11 10,n 10,11 
_.7 
PMS ,.rlotlDlace I 12 ... 21 121021 0 0 0 121021 121021 0 0 0 0 0 0 121021 121021 121021 111021 121;021 121021 121021 0 121011 121011 0 0 
'.5107 '107 • • • TolIl Av MIX. MI •. 
A".I.I,c'.U,1I '0.10. 0.1l7 0.615 0.421 0.)62 0.7.5 0.7'" 0.'1 0.515 .... 0.163 0.17' 0.619 0.'14 0.169 0.532 0.465 0.'34 0.111 0.1" 0.'35 0.143 ..... 0.611 D.6iU 0.104 0.'9' 0.361 
Pint... AN,.Se • • • I • • • 2 • • • S • • • • 2 • S • • • 2 • • 3.11 • • 
.. 
Toolina coolI· Inlllal b •• ic 
guratIOIlI tooling 
Tool configuration 
,.Ollp' TCI TC2 
eroo. Set.) 
I 1,2 1,2 
2 3 3 
3 4 4 
4 , • 
, 6,1 6,1 
6 8,9 8,9 
1 10,11 , 
10,11 
8 121021 12 10 21 
Av.Ma.h.UIII 0.808 0.801 
Heur.Aven e 
Finlsb.AlIy.Seu 4 4 
Heur.Averue 
LEGEND: peps. Fint Come Fint Served 
Tabl. 10.4.3 • Generation of tooling c:onfiauratioDI from the basic one uling 
four heuristic tool let combination rute. under the FepS ICbedulina rule. 
Heuristic Renerllc:d looling configurations. (SchedulinR rule: FCPS) 
H .. rlllk: rule A lIeuristic rule B Heuristic rule C 
TCI '101 TC5 ro; TC7 'IUI TC9 TCIO TCII TCI2 TCI3 
1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 
3 3,4 3,4 3 3 3 3 3 3 3 3 
8,9 8,9 6,1 6,1 121.21 121.21 
• • • 4 • • • 4 4 4 4,' 
• • • • • • • 
, , , 
• 
6,1 6,1 6,1 6,1 6,1 • • 6,1 • • • 
4 • • 8,9 4 4 4 • • • • 
8.9 8,9 8,9 8,9 
, , 
',121021 , 5 5 101.21 810 11 610 11 610 11 610 11 
10,11 10,11 10,11 10,11 10,11 10,11 , 
121021 1210 21 • 12 •• 21 121.21 121.21 • 12 10 21 121021 • • 
0.195 0.846 0.813 0.801 0.195 0.8 0.812 0.821 0.813 0.881 0.896 
0.830 0.819 0.856 
4 4 4 4 4 5 4 4 4 6 4 
4 4.25 4.S 
Heur.rule D 
TCI4 TCIS 
1,2 1,2 
3 3 
6,1 6,1 
• 
• • 
• • 
4 4,' 
810 11 8,9 
5 101.21 
121.21 
• • 
0.93 0.918 
0.924 
6 6 
6 
COMMENTS 
FMS Run-
ning period: 
Three eigbt 
bour ,hifll 
FMS performance 
Total .~:I_ Mu ~_ M i n 
ll1eurlsllc rules) 
0.851 0.93 0.195 
4.69 6 4 
'" N 
.... 
Table 10.4.4 ~ Generation of tooling confi&urationJ from the basic ODe using 
heurilllic 1001 lel oombinatlon I11le. under the MRPAS ochedulin, rule . 
. 
TooUn, oonfi· Heuristic I!enerated loolln. confi urations 
guralions Inldal basic COMMENTS 
conflgurallon Heurisdc rule A Heuristic mlo B Heuristic nlle C Heur.mle I 
Tool TCI TC2 TCl 1"<:4 TCS TC6 TC7 TC8 TC9 TCIO TCII TCI2 TCI3 TCI4 
Igroup. (Tool Setsl 
I 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 FMS run· 
ning period: 
2 3 3 3 3,4 3,4 3 3 3 3 3 3 3,4.5 3.4,5 3,4,10,11 three eight 
10,11 10,11 121021 121021 121021 121021 hour shifts 
3 4 • • • • 4 4 4.8,9 4,8,9 4 4,5 • • • 
10,11 10,11 
4 5 5 • • • 5 5 5 S.6,7 5 • • • • 
5 6,7 6,7 6,7 6,7 6,7 6,7 6,7 6,7 • 6,7 6,7 6,7 6,7 6,1.8.9 
6 8,9 8,9 5,8,9 5,8,9 8,9 • • • 8,9 8,9 8,9 8,9 • 
101021 
7 10,11 4,10,11 4,10,11 • • 10,11 8,9 • • 101021 101021 101021 • • 
10,11 FMS Performance 
8 12 to 21 12 10 21 12 1021 12 to 21 12 to 21 • • • • • • • • 12 to 21 ota! av Max Min 
589 5 
Av.Mach.Util 0.800 0.802 0.830 0.844 0.818 0.876 0.889 0.906 0.912 0.815 0.826 0.892 0.875 0.929 0.863 0.929 0.802 
Heur.Averaeo 0.824 0.896 0.852 
Finish AssV.Sels 4 5 5 5 4 6 6 6 6 5 5 6 6 6 5.462 6 4 
Heur.Averae:o 4.75 6 5.5 
Scheduling rule: MRPAS • Minimum Remaininc Part. in the A.5Ombly Sel 
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Table 10.5.1: FMS Average Machine Utilization and Fmished Assembly Sets for 12 
tooling configurations with MRP AS and FCFS scheduling rules under 
randomized AS pa5ts release and deterministic ordered part release. 
AVERAGE MACHINE UTILIZATION ASSEMBLY SETS OUTPUT 
TOOUNG 
CONFIGURATIONS MRPAS FCFS MRPAS FCFS 
Random Ordered Random Ordered Random Ordered ~andom Ordered 
Ulr Ul0 U2r Ulo ASlr ASl0 AS2r AS20 
Tel 0.852 0.876 0.856 0.892 5 6 6 5 
TC2 0.852 0.889 0.870 0.888 6 6 5 5 
TC3 0.873 0.906 0.877 0.894 6 6 6 6 
TCA 0.900 0.912 0.903 0.907 6 6 6 6 
1C5 0.828 0.815 0.844 0.828 5 5 6 5 
TC6 0.826 0.826 0.821 0.794 S 5 5 4 
TC7 0.889 0.892 0.879 0.898 6 5 6 6 
TC8 0.869 0.875 0.873 0.875 5 6 5 4 
TC9 0.820 0.789 0.789 0.827 5 5 4 4 
TeIO 0.835 0.822 0.799 0.813 5 4 4 4 
Tell 0.867 0.882 0.872 0.887 5 6 5 6 
Tel2 0.870 0.890 0.871 0.896 5 6 6 4 
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Table 10.5.2 : Variations in FMS Utilization and Assembly Set(as) Output 
between the randomized AS pan release and the 
deterministic ordered AS part release under MRP AS and FCFS 
Variation in Machine Utilization Variation in AS OutDUt 
Tooling MRPAS R:FS MRPAS R:FS 
Confi2urations (xli) (x2i) (x3i) (x4il 
TC1 -0.024 -0.036 -I 1 
10 -0.031 -0.018 0 0 
10 -0.033 -0.017 0 0 
TC'4 -0.012 -0.004 0 0 
TC5 0.013 0.016 0 I 
TC6 0 0.027 0 1 
TC7 -0.003 -0.019 1 0 
TC8 -0.006 -0.002 -1 1 
TC9 0.031 -0.038 0 0 
Te10 0.013 -0.014 1 0 
TCll -0.015 -0.015 -1 -1 
Tel2 -0.02 -0.025 -I 2 
SUM -0.087 -0.145 -2 S 
Avera2e (Xi) 
-7.2SE-03 -1.2IE-02 -116 5112 
St.Dev.Estimate 1.93E-02 1.91E-02 0.7S878 0.79296 
Itol variate 1.3 2.19 0.761 1.82 
It(0.025 11) : t test at 5% sillllificance t = 2.201 
Legend: 
xli = U1r - U10 ; x2i = U2r - U20 (see table 10.5.1) 
x3i = AS1r - AS1o; x4i = AS2r - AS20 (see table 10.5.1) 
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Table 10.8.1 : Part mix A 
Part type 1 2 3 4 5 6 7 8 
Number of parts 3 1 1 1 1 1 1 1 per assembly set 
Table 10.8.2: Part-Operation times of part mix A 
Operation Times (min) 
Part type 
1st Opn. 2ndOpn 3rdOpn 
1 47 43 40 
2 53 27 20 
3 53 27 20 
4 15 - -
5 15 - -
6 9 9 10 
7 9 9 10 
8 7 11 -
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Table 10.8.3 : Basic tooling configuration. tool sets 
and corresponding part-operations of 
part mix A 
Basic tool Tool Part 
groups sets Operations 
1 1 1.1 
2 12 
2 3 1.3 
6 2.1 
3 7 3.1 
4 8 22 
9 3.2 
10 22 
5 11 3.3 
12 4.1 
13 5.1 
14 6.1 
6 15 7.1 
16 6.2 
17 7.2 
18 6.3 
19 7.3 
20 8.1 
21 8.2 
Table 10.8.4 - Generation of improved tooling configurations. through controlled and 
restricted tool set duplication for part mix A - Configurations and FMS 
performance. 
Tooling confi- Initial basic Heuristic ~enerated toolin~ confi~urations under restricted tool duplication 
gurations configuration Tool 
Tool TCI dupl.rule Heuristic rule A Heuristic rule D 
groups (Tool Sets) TC2 TC3 TC4 TCi TOi 10 TC8 TC9 
I 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 
2 3 3 3 3 6,7,3 6,7,3 6,7,3 3 3,10,11 
3 6,7 6,7 6,7 6,7 • • • 6,7 6,7 
4 8,9 8,9 • • • • • • • 
S 10,11 10,11 8,9,10,11 • • • • • • 
6 12 to 21 12 to 21 12 to 21 12 to 21 12 to 21 12 to 21 12 to 21 1210 21 12 to 21 
10,11 8,9,10,11 8,9,10,11 8,9 
7 • 1,2 1,2 8,9,10,11 8,9,10,11 8,9 1,2 1,2 1,2 
I 2 I 2 I 2 
Av.Mach.UliI 0.672 0.8 0.791 0.809 0.873 0.879 0.872 0.929 0.924 
Finish Assy.Sels 3 S S S S S S S 6 
Scheduling rule used: MRPAS ( Minimum Remaining ParIs in Ihe Assembly Sel) 
COMMENI'S 
FMS running 
period is 
three eight 
hour shifts 
FMS performance 
Minimum Besl 
0.672 0.924 
3 6 
w 
N 
.... 
T.ble 10.9.1 • GcncntJOD of tooting configurations from the bulc one uling two heuristic 1001 Ict 
combination NI .. undtt Ibe FCFS and MRPAS acbedullna Nle.·Lbniled purpose FMS 
machine. case 
TooIin& confi- Initial bade P C P S M R P A S 
.urations loolio& con-
Tool figuration Heuristic rule B Heuristic rule C Iieuristic rulc B 
group. TCI TC2 TO TC4 TCS TOi TC1 TC8 TC9 TCIO TCII TCI2 TCI3 
ITool .ell\ 
I 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 1,2 • • • 
2 3 3 3 3 3,6,7 3 3 3 3 • • • • 
3 4 4 12 to 21 12 to 21 12 to 21 4 4 4 4,8,9 4 4 4 12 to 21 
4 4,8,9 4,8,9 12 to 21 4 
4 5 • • • • 5 5 5,6,7 5,6,7 5 5 5,3 5,3 
10,11 10,11 10,11 10,11 
5 6,7 6,7 6,7 6,7 • 6,7 6,7 • • 6,7 6,7 6,7 6,7 
10,11 
6 8,9 8,9 8,9 • • 8,9 8,9 8,9 • 8,9 1.2,8,9 t,2,8,9 1,2,8,9 
12 10 21 12 to 21 12 to 21 
7 10,11 5,10,11 5,10,11 5,10,11 5,10,11 10,11 • • • 3,10,11 3,10,11 • • 
8 12 to 21 12 to 21 • • • • • • • 12 to 21 12 to 21 12 to 21 • 
Av.Mach.Util 0.706 0.714 I 0.780 I 0.804 I 0.836 0.789 I 0.795 I 0.778 I 0.812 0.703 0.734 0.7211 0.806 
Hcur.Avcruc 0.784 0.794 0.741 
Finhh.Assy,Scu 2 2 I I I 5 I 5 2 I 2 I 2 I 5 2 5 3 I 4 
Hcur.Averaee 3.25 2.75 3.50 
Av.Mach.Util 0.733 0.751 I 0.804 I 0.798 I 0.845 0.792 I 0.82 I 0.751 I 0.804 0.711 I 0.729 I 0.759 I 0.788 
lIeur.Avcruc 0.800 0.792 0.747 
Finish.Ass .Sets 4 5 I 4 I 4 I 4 4 I 4 4 I 5 4 I 4 I 4 4 
Heur.Averau 4.25 4.25 4.00 
SCHEDULING RULES LEGEND: FCFS - First Come Fir.l Served ;MRPAS - Minimum Remainilll Partl in lhc Allcmbly Set 
<X>MMEm'S 
PMS Runnina 
period: 
Three eight 
hour shifts 
Sched.rulc. 
P 
C 
P 
S 
M 
R 
P 
A 
S 
"" N 
00 
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Table 10.9.2 - Improved FMS performance through generation of 
tooling configurations using the Ungroup-Regroup tool 
combination heuristic rule D-Limited purpose machines 
FMScasc 
~- Initial basic Tooling configurations under gurations tooling con- minimum tooling COMMENTS Tool fi .uration 
groups TCl TC13 TC14 TC15 
!Tool sets) 
1 1,2 • 1,2 1,2 FMS Running 
period: 
three eight 
2 3 • • • hour shifts 
3 4 4,12t021 4,12t021 4,12t021 
8,9 
4 5 5,3,10,11 5,3,10,11 5,3,10,11 
5 6,7 6,7 6,7 6,7 
6 8,9 1,2,8,9 8,9 • 
7 10,11 • • • 
FMS performance 
8 12 to 19 • • • Minimum Best 
Av.Mach.Uti! 0.733 0.788 0.818 0.835 0.788 0.835 
Finish.Assy.Sets 4 4 4 4 4 4 
Scheduling rule : MRP AS - Minimum Remaining Parts in the Assembly Set 
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Table 10.9.3: Calculation of the degree of balance, UT, of an FMS 
Part pro- Processing 
Machining cessingre-
time assignment 
Part-opera. . through the FMS 
tionsmix group where 
quirements 
machining groups 
processed perAssySct Comments 
or part mix 
(min) 
(min) Group I GroupU 
1,2 I 180 180 * 
3 IT 80 • 80 
4 I 52 52 * 
5 IT 67 •• 67 
6,7 IT 106 • 106 
8,9 I 54 54 * 
Poreach 
10,11 IT 40 * 40 
390min 
oflOldIO 
group I 
12 to 21 I 104 104 •• lbeteiJ onlyZ93 
390 293 minfor TOIal processmg time per g10uP (Ti) groupU 
Number of machines in tho g10uP (Mi) 2 2 
Aver. processing time per machine (TI/Mi) 195 146.5 
Maximum possible utilization, Ui, of 0.7513 
each machine g10uP i 1.0 (146.51195) 
Maximum possible g Z*l.()+Z"O. 7513 I MI * UI UT= theoretical FMS machine i=l Z+Z 
utilization or Degrco UT= of Balanccof the FMS UT : g I I I MI UT = 0.876 ;=1 g • Number of machine groups 
UTILIZATION 
(MU) 
-NORMALIZED 
UTILIZATION 
(NMU=MU/0.876) 
Table 10.9.4 - Calculation of the Nonnalized Utilization 
TOOLING CONFIGURATIONS 
TC1 TC10 TCll TC12 TC13 TC14 TC15 
0.733 0.711 0.729 0.759 0.788 0.818 0.835 
0.837 0.812 0.832 0.867 0.9 0.934 0.953 
Not applying the Applying the 
Basic Tooling Ungrouping-Regrouping tool Ungrouping-
Configuration combination heuristic rule D Regrouping 
rule D 
'" 
'" 
-
~--------------------------------------------------------------------------------------------------------------------------------------
Table 10.11.1 - Generation of tooling configurations using two heuristic tool set combination 
rules under and MRPAS scheduling rule-Limited purpose FMS machines case 
- Part Mix A 
Tooling confi Initial basic Tooling configurations under restricted 
gurations tooling con- 1001 duplication COMMENTS 
Tool fi.uratlon Tool duol.rule Heurislic rule D 
groups TCI TC2 TC3 TO! res 
(Tool sels) 
I 1,2 1,2 1,2 1,2 1,2 FMS Running 
period: 
Three eighl 
2 3 3 3 3 3,10,11 hour shifts 
3 6,7 6,7 6,7 6,7 6,7 
4 8,9 8,9 8,9,121021 8,9,121021 8,9,121021 
1,2 1,2 
S 10,11 10,11 10,11 10,11 • 
6 12 10 21 12 10 21 • • • 
FMS performance 
7 • 1,2 1,2 • • ~inimun Besl 
Av.Mach.UIiI 0.672 0.728 0.706 0.78 0.777 0.672 0.78 
Finish.Assv.Sets 4 4 4 S 4 4 5 
Scheduling rule : MRPAS - Minimum Remaining ParIS in Ihe Assembly Sel 
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Table 10.11.2: Calculation of the degree of balance, UT, of the FMS 
ofFig.l0.9.1 underpartmixA. 
Part pro- Processing 
Machining cessingrc- lime assignement 
Part-opera- quirements through me FMS group where machiDing groups Comments tionsmix processed pet Assy Set 
or part mix (min) 
(min) Group I OroupII 
1,2 I 270 270 .. 
3 IT 120 .. 120 
6,7 IT 106 .. 106 
8,9 I 54 S4 .. 
10,11 IT 40 .. 40 
12 to 21 I 104 104 .. 
For each 
Total processing time per group (Ti) 428 266 428min ofload to 
group I 
Number of machines in me group (Mi) 2 2 thereiJ only 266 
Aver. processing timcpermachine (TI/Mi) 
214 133 
minfor 
groupII 
Maximum possible utillzstiOll, Vi, of 
1.0 
0.62 
each machine group i (133/214) 
g 2"1.()+2"O.62 
Maximum possible I Ml * Ul UT= theoretical FMS machine i=1 2+2 
utilization or Degree UT= 
of BaIanccof me FMS UT : g I I I Ml UT=0.810 g - Number of madJinc groups i=1 
;------------------------------------------------------------------------------------
Tabl. 10.11.3 - Improved FMS porformanc. througb geoerallon of looling 
configuralions uslog the Tool Duplicallon heurisllc rule B-
- LImlIod purpose machines FMS-Part Mix B 
~ loilial basic Reslriclod IDOl Reslriclod cool duplicalion gurauons looling con- duplicalion COMMENTS Tool figuration groups TCl TC14 TC16 TC17 TC15 TC18 TC19 TC20 (Tool sels) 
1 1,2 1,2 1,2 1,2 1,2 1,2 1,2,121021 1,2,141019 FMS Running 
period: 
I Three elghl 
2 3 • • • • • • • hour shires 
3 4 4,121021 4,121021 4,121021 4,121021 4,121021 4,121021 4,121021 
8,9 8,9 8,9 8,9 
4 5 5,3,10,11 5,3,10,11 5,3,10,11 5,3,10,11 5,3,10,11 5,3,10,11 5,3,10,11 
5 6,7 6,7 6,7 6,7 6,7 6,7 6,7 6,7 
6 8,9 8,9 8,9 • • • • • 
7 10,11 • • 11 • • • • 
FMS performance 
8 12 10 19 • 11 10 21 8,9,111021 • 12 10 21 • • Minimum Besl 
Av.Mach.Um 0.733 0.818 0.800 0.814 0.835 0.835 0.824 0.841 0.800 0.841 
Flnish.AB.y.Sels 4 4 4 5 4 4 4 S 4 S 
Scheduling rule : MRPAS - Minimum Remaininl Parts In the Assembly Sel 
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Table 10.12.1 - Tooling configurations composition 
Basic Tooling Full tool 
Tool 
Tooling configuration replicatiom 
confil7nration TC2 TC3 groups TC1 
(tool sets) (tool sets) (tool sets) 
1 1 1 2 2 1 to 21 
3 3,6,7 1 to 21 2 
3 4 4,8 to 11 1 to 21 
4 5 5,12 to 21 1 to 21 
6 
5 7 • • 
8 • • 
6 9 
7 10 • • 11 
12 
13 
14 
8 
IS 
16 
17 
• • 18 
19 
20 
21 
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APPENDIX 1 
General Tooling Configuration· Structures Generation 
Process 
This appendix is to show the general process of tooling configurations 
generation. table A 1. which was the basis for obtainhig the mathematical 
equations presented in section g .2. 
338 
Table Al . TooliDl coDlilurtliOlll seaeratJOD proCeI. 
• • 0 GtoupiDI MathemaUcal o:l.prellloDI 
• • t 0 0 OlotO Iltuct.re • f"' .... O.a!ue& 
• • 
I I I I I I ,., I 
2 I 1 I I 1ul C(l.l)-I 
2 I I I 2 'lII III I 
3 I I I I Ilnl C(3.3l=1 
2 I 3 3 'lII 1Il11 C(3.1l-3 
3 I 1 I 5 Ixl IKt II1 I 
4 I I 1 I Ixuxl C(4,4l-1 
2 I 4 Ixl l:n.xI C(4.1)-4 
2 3 1 Ixll Ixxl C(4,l)ll.3 
3 I 6 6 
"" "" 1Il11 C(4,l)-6 4 I I I 15 Ixl Ixl &xl 11.1 I 
5 I I 1 I IUlul C(5,5)o1 
2 I 5 IlII ""lII C(5.1l=5 
2 10 15 lullul.l C(5,l)=10 
3 I 10 Il.l IxI lUl.l C(5,l)~10 
2 15 25 lullullxl 5·C((5·1).2)!l·15 
4 I 10 10 lID 1:11 Ilxl 
5 I I I 51 hdllllxllJ;lIxl I 
6 I I I I IJ,Xlxnl C(6.6l=1 
2 I 6 Ixl 1,,"ux! C(6.1l=5 
2 15 lullxuxl C(6,l) ~15 
3 \0 31 lux! lxul C(6.3)!l = 10 
3 I 15 'lII "" IlulII 5·C((6-2).2)!lo15 
2 15 
1nl ''''' ''''' 3 60 90 
'lII """ ''''' 
E 
4 I 45 !xl IxI 1nl lul 
2 20 65 IlII "' 'lII """ 
T 
5 I 15 15 IxI IxI Ixl 11.1 tal 
6 I I I 203 !xl Ixl III IxI htl !xl C. 
1 I I I 1 E 
2 I 7 
2 1I T 
3 35 63 
3 I 21 C. 
2 105 
3 10 ----
4 105 301 a! 4 I 35 C(a.b) = (a.b)! • bl 2 210 
3 105 350 , 
5 I 35 
2 105 140 
6 I 21 21 
7 I I I 811 
ANID SOl 
ON 
I 
~ . - ---,~-~.-
Legend: 
.·Numl>erof .... l_ 
11. .. Number of tool IfOUPI iD. • Tooting Configuration 
t .. Namber of dltfereat aroupiDl 1tI'UCtu.re. with the Alba 
.... ber of 1001 .... upo 
o .. Number of 1OO1ma coafiauntioD' ."ithia the same cool pupiaa suuc:ture 
• O. • Number of IOOliDS c:oafipralionl with. the .ame Dumber of D tool gtoup. 
formed from t tool sell 
• L 0: .. Total number of tooling co~garatiOQ' formed from t 1001 IOU 
.-1 
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APPENDIX 2 
Typical Model Input and Results Output files 
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F'ig.AZ1 
******************************** 
* 
INPUT DATA AND RUN FILE * 
******************************** 
*C SITAM1 
*EXECUTE 1,50,300 SIMTIM=1440 
DATA TO BE READ: 
MCSYST 4 
NFMC 
2 
2 
2 
2 
TGRSYST 7 
TGRTYP TSETQTY 
1 2 
2 1 
3 1 
5 2 
6 2 
7 3 
8 10 
*STOP 
TSETKIND 
1 
2 
6 
7 
8 
9 
5 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
3 
4 
SIZE 
39 
37 
36 
39 
34 
38 
40 
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Fi 8 . A.2.2 
""""""i"*."""" 
* RESULTS OUTPUT FILE * 
""'*"',.,"""""'" 
_x_x_x_x_x_~_x_x_x_x_x_x_x_x_x_x_x_x_x_x_x_x_x_x_x_x_ 
F"$ SYSTEM ~IN VARIALBLES : 
SI"ULATION TI"E • 1440 
TULDUPL • 0 
NU"B. OF OPERATORS • 2 
N~B. OF "ACHINES· 4 
"ACHINE 1 IS OF TYPE 1 
"ACHINE 2 IS OF TYPE 1 
~CHINE 3 IS OF TYPE 2 
~CHINE 4 IS OF TYPE 2 
NU~ER OF BUFFERS : 
AT ~CHINE 1 • 1 
AT ~CHINE 2 • 1 
AT "ACHINE 3 
-
1 
AT ~CHINE 4 • 1 
NUMB.OF TOOL GROUPS- 7 
NUMB. HAND. DEVICES- 1 
GRIPER POSITIONS : 
OF HAND.DEV. 1 • 1 
RULES FOR SYS~ OPERATION: 
CONTROL RULE DAY SHIFT 
PARTS RELATED 
FIXTS. RELATED 
18 
o 
JOB(ASSY SET\BATCH)I 
RELEASE RULE 0 
LEGEND 
--PART RELATED RULES 
RULE 1 • FCFS 
RULE 1Ss "RPAS 
FIXTURED PALLETS RELATED RULE 
"ID SHIFT 
18 
o 
o 
NIGHT SHIFT 
18 
o 
o 
FXRULE 0 - HIGHEST PRIOR. PART CLAMP. RULE 
JOB (ASSEMBLY SET/BATCH) RELEASED RULE 
RULE 0 • JOBS RELEASED IN A FCFS BASIS 
LOADED SETS BY TYPE 
CELL FREQUENCY 
1 8******** 
LOADED PARTS BY TYPE 
CELL FREQUENCY 
1 161*************** 
2 8******** 
3 8******** 
4 8******** 
5 8******** 
6 8******** 
7 8******** 
8 8******** 
9 8******** 
FIXTURES IN SYSTEM BY TYPE 
CELL FREQUENCY 
1 2** 
2 2** 
3 2** 
4 2** 
5 2** 
6 2** 
7 2** 
8 2** 
342 
DISTRIBUTION Of PROCESSING TI"E PER ~CH.OPERATION 
CELL FREQUENCY 
20 4**** 
30 4**** 
40 1******* 
50 9********* 
60 5***** 
70 3*** 
80 6****** 
90 6****** 
100 3*** 
110 7*UUU 
120 0 
130 2** 
140 0 
150 0 
160 0 
170 0 
180 4**** 
"EAN PROC.TI"E "ACH.OPN.-PALLET SET-UP 75.166654 
ST.DEV.PROC.TI"E PER ~CH.OPN 40.352237 
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DISTRIBUTION OF PROCESSING TIftE PER OPERATION 
OF ALL PARTS LOADED INTO THE FftS SYST~. 
CELL FREQUENCY 
5 8******** 
10 56***************************************************ii'A' 
15 16**************** 
20 16**************** 
25 16**************** 
30 0 
35 0 
40 16,****'*t'I*"'u*,*t'I*"'u*,*t'I*"'**,u,** 
45 32******************************** 
50 s******** 
55 16****a*********** 
60 0 
6S 8******** 
ftEAN PROC.TIftE PER PART OPN. 28.333330 
ST.DEV.PROC.TIftE PER PART .OPN 18.295403 
-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-
UTILIlATION OF OPERATOR 1 IS .54 
IN TOOLING AREA .118 
IN CLAMPING AREA .426 
UTILIlATlON OF OPERATOR 2 IS .45 
IN TOOLING AREA .103 
IN CLAftPING AREA .354 
TOTAL AVERAGE OPERATORS UTILIlATION •• 501 
IN TOOLING AREA .111 
IN CWPlNG AREA .390 
MACHINE TAPE UTILIZATION OF MC 
MACHINE TAPE UTILIZATION OF MC 
MACHINE TAPE UTILIZATION OF MC 
MACHINE TAPE UTILIZATION OF HC 
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TOTAL MACHINE TAPE UTILIZATION- .7506 
UTILIZATION OF TOOLGR 1 = .77 
UTILIZATION OF TOOLGR 2 = .27 
UTILIZATION OF TOOLGR 3 = .25 
UTILIZATION OF TOOLGR 4 = .51 
UTILIZATION OF TOOLGR 5 = .26 
UTILIZATION OF TOOLGR 6 = .44 
UTILIZATION OF TOOLGR 7 = .47 
TOTAL TOOL GROUP UTILIZATION· .4289 
TOTAL UTILIZATION OF HO. 1 
1- .8'17 
z,. .863 
3- .608 
4s .633 
1$ I .444 
UTILIZATION OF THE HO. 1 IN PARTS HANDLING •• 444 
UTILIZATION OF THE HO. 1 IN TOOLS HANDLING = .000 
TOTAL AVERAGE UTILIZATION OF HANDLING DEVICES ·.444 
IN PARTS HANDLING .444 
IN TOOLS HANDLING .000 
TIME UTILIZATION OF THE FMS 
MACHINES PROCESSING CHANGING WAITING TOTAL UTILlZ. 
TOOLS/WPS 
1 1293 101 46 1440 .89791 
2 1243 68 129 1440 .86319 
3 876 34 530 1440 .60833 
4 912 85 443 1440 .63333 
4 4324 288 1148 5760 .75069 
HDEVICES 
1 ~ 800 1440 .44444 
1 ~ 800 1440 .44444 
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ftANUFACTURING OUTPUT 
PROCESSED WORKPIECES 
T Y P E Q U ANT I T Y 
FINISHED IN PROCESS 
1 10 6 
2 6 2 
3 5 3 
4 5 3 
5 7 1 
6 7 1 
7 6 2 
8 6 2 
9 6 2 
TOTAL ••• 58 22 
PROCESSED WORKPIECE SETS 
T Y P E Q U ANT I T Y 
FINISHED IN PROCESS 
1 5 3 
TOTAL ••• 5 3 
T H R 0 U G H PUT T I " E S 
HIST OF SET THROUGHPUT TIMES 
CELL FREQUENCY 
750 3*** 
850 0 
950 1* 
1050 1* 
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HI5T OF WPS THROUGHPUT TIMES 
CELL FREQUENCY 
50 2** 
150 9********* 
250 10********** 
350 9********* 
450 10UUUUU 
550 4-
650 
-750 6_ 
850 0 
950 4-
"EAN OF WP THROUGHPUT TIMES- 425.86201 
HIST.AS5Y.SETS THRUPUT TIME INDEX(ASTTI) 
CELL FREQUENCY 
10 1* 
12 2** 
14 2** 
MEAN ASSY. SET THROUGHPUT TIME INDEX- 12.399999 
W 0 R KIN PRO G R E 5 S 
H1ST OF WIP OF PARTS QUANTITY 
CELL FREQUENCY 
10 50uUUUU 
14 30*-** 
18 413**************************************************kiA,.*."' •••••••• ' •• ' ••• "*' ••• 
22 482*****************************************************'i"i"".""'*.'*"'*"*'.""'**'.'" 
26 406A*****************************************************A***i*ii.* •••••••• *.*.*** •• 
30 59*********** 
MEAN WIP OF PARTS QTY> 21.724998 PARTS 
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HIST. OF THE TOTAL TIME WIP 
CELL FREQUENCY 
300 17:722' ...... ***' ...... ***' ...... ***' ...... ***' ...... '*,UH .... "'UH .... ***., .... ****, .... ****"",****'.'*. 
400 5' 
500 31-
6CIO 154*"'****""'**"*""'****""'****""'****"H .... ",UH .... * .. , .... ****"",*"", 
700 321*******************************"*************""i*i ••••• *.""""""*"""* 
800 332*****************************************************""""*"""""""""'" 
900 245**************************************************""""'" 
1000 180********************************************* 
MEAN TOTAL TIME WIP = 730.76379 MIN 
AVERAGE WP PRODUCTION RATE- 2.4166667 WORKPIECES PER HOUR 
DISTHIB OF TRANSPORT TIMES OF PALLETS TO AND FROM MACHINES 
CELL FREQUENCY 
2 6*'*' 
4 124**************************************************"""""*' 
6 37****************** 
8 3* 
AV PALLET TRANSPORT TIMES • 4.4 
STAND. DEVIATION TRANSPORT TIMES' 1.0 
CLAMPING WAS STARTED 170 TIMES 
UNCLAMPING WAS STARTED 150 TIMES 
MACHINES WERE UNLOADED 58 TIMES 
MACHINES WERE LOADED 64 TIMES 
MACHINING WAS STARTED 60 TIMES 
CHANGTOOLS WAS SUCCESSFUL 17TIMES 
POOLMCS WAS SUCCESSFUL OTIMES 
UNPOOL WAS SUCCESSFUL OTIMES 
UNLDMAGAZ WAS SUCCESSFUL 13TIMES 
LOADMAG WAS SUCCESSFUL 17TIMES 
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APPENDIX 3 
Computer Simulation Experiments - Detailed 
Representation of the Tooling Configurations Generated 
This appendix is a detailed representation of the geJfation process and 
tooling configurations presented in chapter 10 on computer simulation 
experiments. 
Table AJ.I • Oateraticn proce .. for looIinl cooIiguralioo. of the labl. 10.4.3 
SCHEDULING RllE: "'5 FMS with ,lmU .. Mult1-1JUI1)01I MGChlnee 
1011 Ca1DINATION HEURISTIC RULE: A I I!!]~§]G I 
TGNO. Tel TGU1I1. TGHo. Te. TGUlt!. T .... TO TGUUI. TGNO. Te. TG utll. TGNo. Tt> TGUtIl. 
Tool .. t 
(j) I.' U ... 0 I.' 0.93 0 I.' 0,94 0 1.2 0.96 (i) I.' 0.96 
G> • 0.l3 €) • 0.3' €) • 0.31 €) 3,4.11,9 0.111 G> 3.4.0,9 0.93 
Q) • 0.211 e> • 0.27 CD • • ID • • @ • • 
G • 0.24 ® • • ® • • 0 • • 0 • · 
G> 6.7 0.51 €) 0.7 0.:11 €) 0.7 O.SO €) 0.7 0.61 ® 0.7 0.63 
@ 0.' 0.26 @) ".' 0.'0' @) 4,D.9 0 ... • €) · • ® • • 
G> 10,11 01'- 0 '.10.11 Q" 0 S,IO.I' 0." 0 5,10,11 0.39 ] CD 5,10,11 0.94 121021 (i,) 12\02 0." (0) 12 t021 0.49 _® 12t021 d." €) 121021 0.59 G) • • 
Av.MOCh.UUI • 0.000 AV.Mach-ut1l • 0.007 AYt1och.utll .0.795 Av.tlocn.uUI .0.1146 AV.Mech.utll • o.an: 
Flnllhtd AS •• <4 flnllhed ASa. 4 FinIShed AS •• 4 finiShed AS •• 4 finiShed ASI. 4 
, ~ ro .~ ~ "7 :f i ~ .~ ~ ill QGJ '. ~ ~.> • R ' co ~ ! ~ I I ±. I I ....!. I 3.4.11.91 :i.'D,1J P: r= = 12t021 ~ L- L-
-
I~ • r-<., Tel Te. Tt> TC4 TCO (WPR) (WPR) .... (WPR) WPO (WPR) (WPR) 
.... 
WP • 
[L]I] I 0 I 0 I • I 0 I 0 
I] G· • • • • • 7 • 0 • 0 ~~~ • 7 • 7 • • • • • • 7 9 It • 7 7 • • • • • • • 
I. • • • 7 • 
1 • 
" 
• " • " 
.. • • • 1 0 1 
0 0 • " • 
0 
I. 16 ID 1 • • 
1 1 1 • 7 • 7 
.. 11 I. 0 • 0 • " 
7 0 
" 
0 • 
20 ., • 9 5 • 0 • • • 
0 • 0 
TotolWPI ~9/21 TotolWP. 62/Ut TotOl WP. 63117 TololW,.. .. 12. Totol WP. 601>0 
FtnlwlP f1n/Wlp f1n1wtp flnlW1P ftnlwlp 
Tabl. M.! <COOL) - Gcrumdioo proc:e .. fortooU., oonfiguratiOlllofth ... blclD.4.3 
5CH£OULIMJ RU.E: FtFS FMS wltn Ilmllcr r1UIU·p~ .. Machtl18l 
TOOL COMDUfATION tEURISTIC RlU: D I GlI Gil Gil~ I 
TONG. TCI TGUUI. 
TooI .. t 
T6 Ho. TCO TGUUI. TGNo. TC1 T6utll. Ir. Ho. TC. TGuttl. T6No. TC9 TGUUI. 
G> 1.2 0,'4 00 1.2 0.93 G> 1.2 0.94 0 1.2 0.96' 0 1.2 0.965 
G • 0.3' 0 • 0.S3 G> • 0.31 0 S.IU O.~6 CV 3.6.7 O.9~ 
G) • 0 ... (3 • 0.27 @ • • GI • • 0 • • 
G> • 0 ... G • • G> • • G • • G> • • 
G> 6.7 OoSl Go 6.1 0.51 0 6,1 0."- G) • • 0 • • 
@ U 0 .. 6 G .. ' 0." @ 4,D,9 .... G 4,D,9 0." @ 411.0,9 0.02 
G> 10,11 0.19 - Gt •• 10'''1 .... (i) .,10'''1 0." G .,'0",'
1 
0." ] (i) ':1,10.11 0.940 121021 @ 12to 2 0." Go 12\021 0.49 (ij) 12t021 0.57 G 12to21 O,S6 ® • • 
AV.l"lech.Ull1 • O.80e Av.tI8ch.UUI .0.D07 Av,Motb.UUI.0.795 Av.Moth-Um • 0.799 "'I.ttech.UlU .. 0.072 
FinIShed ASI ... finiShed AS,. 4 Flnllhed AS •• 4 flnlatlect AS,. 5 FinIShed AS, • 4 
Ln
TGWPR • H 
rGWPR- H 11 .~ L . 6 00 L nTGW~H In i Qc;!] ~g ~i_·~~a·~f.lrn l 'I' !~' 1'50 ~ G;J I .,,0":,1 o ~ • ~ 0 4.8,9 121021 o t 2 
H I H 1 H, H I 
I 2 ~l' 
"'" 
TCI TC6 
W" 
TC1 TC. TC. 
(WPR) WPt (WPR) (_I WPt (WPRI w" (WPR) IDGI I 6 I 6 I • I 6 I 6 ~~ • 2 • 2 • 2 , 2 6 2 6 ~~G • , • 1 • • • • • 0 7 9 I1 • 1 • 1 • • • • • 6 
12 • • • 1 • 1 • • • • • • 
.. • • 6 1 6 1 6 • • • • • 
I. I. ,. 1 • 1 • 7 1 1 • 7 • 
.. 17 19 • • • • • 1 • • • • 
20 21 • 9 • 9 • 9 • • • • • 
Totol,«P. SO/21 TotolWP8 62/18 Total WPI .~!:~7 Total WPI M/24 Total WPt 60/30 Flnlwlp flnlwlp flnlWIlt FlnlWIP 
Table A3.1 (oonL) "Genentioo process for looling coofiguration. of the table 10.4.3 
SCHEtlUlING RlU: ftFS ftlS wllh sImilar t1tIlt1"1U1JOM t'lach&net 
TQ(l. tDnDIHATlON HEllUSTIC RLU: C II ",11 MOll ",11 "411 
TGNG. I T2~.' TO UtlL TOHo. TelO TGUUt TGNo. Tell TGUlIl. TGHo. Te12 T.UtIl~ T& No. Ten TGutll 
GI '.' 0.94 (j) I.' 0." CD '.' 0." CD 1.2 0.965 GI t.2 0.965 0 , 0.33 Gl • 0." G • 0." Gl 3,I2t021 0.927 G 3,12t021 O.i25 
GI • O~. @ • 0.215 G> 4 0." Q) • 0.32 GI 4.' 0.730 (;) • 0.24 G • 0." G • 0.'. G> • 0.>7" G • • 
G 6,7 0.51 GI •• 7 0.5' G • • G> • • GI • • 
G u O~. b @ • • G> • • G> • • G • • 0 10,11 0.19 (j) 0\011 0." G 6to 11 0." G 6to I' 0.956 Gl 6to 11 0.956 
G 12 to21 0.45 ~ 12to 21 0." (0) 12tO:U 0.53 G> • • G • • 
Av,tloctLUtII • O.DOe AV.t1ach.UUI • 0.027 AV.Mllch.utll.0.013S Av.Mech,UtII .0.001 AV.t1och.Ul1l • 0.090 
flnlined AS,. 4 finIshed AS, ... finiShed AS, ... flmlh8d ASS_ 6 finished ASs ... 
ITTG WPR---"" t;10 WPR.-. H ~L= : 
·m 
, 
'a~ 'lijfl' .. [;]".12t0211 ~111~ 11 ;.3 .. ~ - • G B 5 • • ! CJ~ ! ~ .. ! i ~ t .-H 7 1 A H , '-
H , 
I • ,- TCI TelO TC~'\ Tel2 TCIS PI (WPR) (WPR) WP. (WPR WPl (WPR) WPI (WPR) 
wl] wp, , • , • , • , • , • C3Q 0 • • • 4 • 4 • 0 • 0 ~~~ • I 7 • 7 • • • • • 4 4 7 • 7 • • 4 • 4 4 I. 0 0 • 7 • 7 • 0 • 0 • 0 
" .. • 7 • 7 • 0 • 0 • 0 
14 16 ID 7 • 7 • 7 • 7 7 7 1 
15 17 ,. 0 • • • 0 • • 1 0 7 
2. 2' • • • • • • 7 • 0 • • 
Total WPI 5912. Totol WPj 62/26 Totol WPl. 611~ Totol wPti 70120 Totol WPI 60124 Flnlwl Flnlwl i flniWIP Fln/wlp flnlwtP 
-
352 
Table M.I (conL) - Genezalion process for tooling configurations of the table 10.4.3 
SeHEDU~ING RU~E: FCFS FMS slmllor Multl-pufjlOsa Moehs. 
TOOL eOM81NATION HEURISTIC GiJ~Gi][;] RU~E:D 
TG No. Te9 TG UtlI. TG No. TCI4 TG Utll. TCIS TG Utll. 
(i) 1,2 0.965 G) 1.2 0.96 G) 1.2 0.80 
G) 3,6,7 0.955 G) 3.5.7 0.95 G 3.6.7 0.965 
CV • • 0 • • @ • • 
G> • • G> • • Q • • 
G) • • G) • • G) • • 
G) 4.6.9 0.62 ~ G) 4.8toll 0.84 G> 4.5.8.9 0.943 G) 5.10.11 0.948 G) 5.12t021 0.94 G> 10 to 21 0,956 12t021 
Ca) • • @ • • G) • • 
A •. Moch.Utll • 0.872 AY.Moeh.Utll .0.93 A •. Moeh.Utll • 0.918 
Finished ASs. 4 Finished ASs s 1!5 FiniShed AS •• 6 
Heuristic Rule D : ~8 ungroup TG NO.7 ond group ~ bOlleTG No.7 to TG NO.6 
Br·12t0211 GEJ 
Ungroup TG NO.7 ond group • 14•5·8.9IB bosleTG NO.4 toTG NO.6 
TC9 TCI4 TC15 
WP. (WPR) WP. (WPR) WPs (WPR) 
I 6 1 6 I 5 
2 6 2 8 2 7 
3 6 3 8 3 7 
4 6 4 7 4 7 
5 8 5 8 5 9 
6 8 6 8 6 9 
7 4 7 6 7 7 
8 4 8 6 8 7 
9 6 9 7 9 8 
60/30 Totol Wf. 70/20 Totol WPs 73/17 Totol WPs 
Fln/wlp Fln/wlp Fin/wig 
r----------------------------- ---
Tabl. A3.1· Ocnmdoo procc .. for tooling OOIlfiguradoo. of !he bobI. 10.4.4 
'MS ,Imllar Multl"1lUf'l)088 MachI. 
SCHfDll.11G RlU: MRPAS 11 MI: I M211 M,II M41 1 1011 CDMDINATlON HEURISTIC RULf: A 
T .... TCI TO lItll. T .... TC2 TGUtll. TONo. Te> TO UUt 1r6 No. TC4 TGUln~ T6Ho. TC. TGutl! 
T ..... ' 
G) 1.2 0.90 (!) ... 0. .. G) 1.2 0.9S 0 '.2 0.96 G) 1.2 0.9«5 
@ CD • 0." CD , O.SS @ 
... 0.77 <Y ... O.7M • 0.35 10,11 10,11 
G> ~ • • ~ • 4 0.2' • ~ • • G> • • 
G (9 • 0.27 (9 • • 0 • • G • • • 0.2. 
G> 6.7 0.'1 €> 6.7 0.50 €> 1,7 0.5S ® 0.7 0.55 @ 6.7 0.59. 
@ 0." 0.20 ® •. ' 0., •• @ 0.9,5 O.SS @ 5.0,9 0.57 @ • • 
Gl CV 4.10.,\ 0.S9 0 4,10,1' 0.44 0 • • (i) • • 10,11 0.11 
@ (0) (0) @ @ 5,e,9 12to 2 0.47 12\02. 0.51 12 to 21 0.54 12to21 0." 121.02' 0.948 
AY.Mech.U\l1 • 0.000 A'I.MKh.utll • 0.002 A".nacb.UUI • 0.030 AyJ'lodl,UUI • 0.044 AV.Mlen.mn • 0.1t 10 
f1nlShed A5I. 5 finiShed ASS .:1 Flnl Shed ASs. 5 'Inllhecl ASt. 5 Finished AS,. 4 
~Ll t! 
rn a't~ ~ rn ffilW q COmbine: 11 '.2 11 •. 4.,0.,,1 II 4 ~!m It: • • ~ • .... 6 ~I····· H o..!. H I H ' H 1 • 121.021 
..... WPI TCI TU Te> TC4 TCO I 2 • (WPR) WPI (WPR) WPI (WPR' WPl CWPRl (WPR) WPI G:2IGI I • I • I 6 1 6 I 6 [3(3. . 2 • 2 • 2 • 2 7 2 6 ~~r;o • • • • • • • • • 6 
7 9 t1 • • • • 4 • 
4 • • • 
12 • • • • • • • • • 7 • 
7 
.. • • 6 7 • • • • • • • 
0 
'4 16 lel 7 • • • • 7 7 7 7 
4 
IS 17 19 0 6 • • • 7 • 7 • 
4 
20 2' • • • • • • • • • • • 
'7123 57126 .SI .. 64/26 """.612. 
Fln/wlp flnIvi1p ,lnIwlp FlnlWlp FlnlWIP 
Tabl. A3.2 (COOl) - Generation process for Ioolina c:oofiguntioo, of !he lable 10.4.4 
FMS wltnl1mtlar tlUlU-ptrpOse I1DCtIInM 
sttt:Dll.INB RUlE: rRPAS 
11 MIIIM211",IIM·1 I TOOL COMDINATIDN tElJRlSTIC Rt.U: D 
Ta ... T~~~'" TGUtIL Ta ... Tt. TGUU1. TO No. Tt1 TGUlIl. G ... TCO TGutll. TGNo. Tt. TG utll. 
e> I.' .... (i) I.' .... (i) I.' .... (j) I.' 0.90 (i) I.' 0.92 
G , 0.3S G ',I2t021 .... G 3,12t021 .... G> S.12to2I 0,92 G S,t2lOZ' 0.97 
@ • 02:1 @ • 0.20 @ • •. 2:1 @ ... "toll 01. G> .. etoll o.el 
Q • .... G • .... @ • 0.32 @ • 0.41 ] G 5,6,7 .... G ... 0." G> ... 0 •• G> 6.1 .... G> ..1 .... - G> • • 
G .. ' .... @ .. ' •. 22 0 @ • @ • • @ • • Gl (7) •. 1. - (7) ~.~ •. 44 • G> Gl 10.11 011 10.11 O,lt • • • • 
G 12t02 •. 41 (0) • • Co> • • @ • • @ • • 
Av.Moth.Utll .O.DOO AY.MOCh.Ut.1I • 0.010 AY.MeCh.UtIl • 0.009 Av.Mach.utll.O.900 Av.MactlUtn .0.912 
flnl,hed AS,,., 'IntlMd ASS. 6 flnl,heeI AS,. 1& ~lm'~AS'.O ____ I....--flntltlld ASI. 6_ 
rE
GWfR .. 
l T[TG WPR-t!- H ~l!l ~ ~ Combine: 'liB Combln. t_ln. 9.1B K ~! 1 ~ ~rm1~ ~ QGJ 'f 1 • ,Send . 7 triO S · i ,s; c:;:;] , •. , •. 11 • lendO . .... 4,0,1 12 to 21 H I H I H I 
... ,- Ttl Tto WI', TU Tt. Tt. PI _(WPR)_ ,-(WPR). ,-(WPR) WI', r"'PR) WPI ,-(WPR) [;::]G1 WPI I • I • I • I • I • GGI , • • • • • 1 • • • 1 ~~~ , • , • , • , 1 , 1 7 9 11 • • • • • • • 1 • 1 
" 
, 'I • 1 • • • • • • • • 
" 
, , 
• 1 • • • • • • • 1 I. 10 10 1 • 1 1 1 1 1 • 1 1 
" 
11 ., • • • 1 • 1 • • • 1 2. ., , • • • • • • • 1 • 1 
Tot" ;tYPI ~712:S Totalwpa 00/22 TatoI wPI 69/21 Totl! wPI 71119 Total wPI 70/20 
Flnlwl fln/wl Flnlwl ,tn/WlI! 
.. 
Table A3.2 (COOl) • Generation pr0c081 fortooliDS confiaunUon' of 1hc table 10.4.4 
FMS with 11mllarMult1-NlIOIt Mectdnn 
SCt£Dll.ING RUlE: NRPAS I G:~~G I TOOL COMISINATION HEURISTIC RlI.£: C 
TONG. Ttl 
TooI .. t 
TGUUI. TONG. TCIO TGuttl. "No. Tell T6U\l1. • No. TC12 TGutll 16No. Tt .. TGUlt1. 
(i) I.' 0." (i) I.' 0.94 (i) I.' 0." 0 1.2 0." (i) 1.2 MO 
G , 0.$5 Cl) , 0.33 Cl) , 0.'3 b @ 3.4.'5 0.94 G) 3.4.'5 0.94 @ • 0.2. CD • 0.2' ] CD 4,' 0.67 ~ • • @ • • 
G> • 0.20 @ • 0.32 @ • • 0 • • G> • • 
G) 
.. ' 0.5' @ .. ' 0.54 @ U 0." ® .. ' 0.00 @ .. ' 0.05 
@ .. ' 0.25 ® .. ' 0.22 ® ••• 0.24 @ ••• 0.22 0 @ 
Gt02' 0.94 
G> 10,11 0.17 ] 0 10\021 0.63 0 10\021 0.62 0 10102. 0.77 G> • • (.) 12 t02 0.41 (0) • • (0) • • @ • • ® • • 
AvJ1ecn.UUI • 0.800 Av.MOCn.utn • 0.115 .Y.Hem.utU • 0.026 Av.MIC;I\.UUI .0.092 Av.l14th.U\11 • 0.016 
ftnlSI'IIG AS, a 5 finiShed AS •• 6 fln1sned ASI • 6 flntahlCl ASI. 6 finiShed AS, • 6 
nTGWPR- " r-- L ~TG WP,,-+- H .~ L • ... ~ .~GJ ~ Ul ~ § ! I ~f_ L nTGWP--'H L t lOW ....... U\ D ffi3. U\ • ! mill a · t ! • I:! • • t • ! .. 7 • I • 1 
• I • I 
~, WPS Tel TCIO Tell Ttl2 Tell I WPs WPS (WPR) WPI (WPRI (WPR) (WPR) WPs (WPR) G:::!II2l I • I 0 I 0 I • I • G~. • • • 7 • • • • 2 7 ~~~ • • , • , • , • , 7 1 9 11 • • • • • • • • • • 
12 • • • 7 • 7 • 7 • • • 
7 
.. • • 7 • • • 7 
6 0 • • 
I. 16 Ut 7 • 7 • 7 • • 
7 7 • 
.. 17 .. 0 • • • • • • 
7 0 0 
,. 21 • • • • • • • • • • • 
Totel wPt. 51/23 Tolol WPI. ee/25 Totol WPI 6012~ TotolWPI 00122 Total WPt. 04126 
Flnlwtp FlnlwlP FtnIwll> fln/wlp flRlWIP 
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Table A3.2 (cont.) - Generation process for tooling configurations of the table 10.4.4 
SCHEDULING RULE: MRPAS 
FMS similar Multi-purpose Mach •. 
TOOL OOMBlNATION HEURISTIC RULE: 0 El~§]~ 
TGNo. TCS TG Utif. TGNo. TC5 TG Ut". 
. 
(1 1.2 0.945 (1 1.2 0.965 
(2 3.4 0.788 (2 3.4 0.852 10.11 10.11 
(3 · · (3 · · 
(4 · · (4 · • 
(5 8.7 0.591 (S 8,7.8,9 0.950 
(6 • • (6 • • 
(7 • · (7 • · 
5.8.9 5 (!. 12to 21 0.948 (!. 12to 21 0.948 
Av.Mach.Util • 0.818 Av.Mach.UUI • 0.929 
Finished AS •• 4 Finished ASs • 6 
Heuristic Rula 0 : 01 1~::1 I I Ungroup TG No.8 and group I .-baslcTG NO.6 10 TG No.S EJ112~21 I 
TC5 TCS 
WPS (WPR) WPs (WPRl 
1 6 1 8 
2 6 2 8 
3 6 3 7 
4 S 4 7 
S 7 5 8 
6 8 6 8 
7 4 7 6 
8 4 8 6 
9 6 9 7 
Total WPs 56/27 Total WP. 69/31 
Fln/wlp Fln/wlp 
Tlblc Al.] • Oencl'ltion ptoceu (or lIlOlln, confiauuUou 111 table 10.'.4 
PARTMIXA FMS with .1nI1I., Mu!U·purpo •• Machine. 
SCHEIlJI..HG RILE: MAPAS I ~§]§]§] I rea. COMBNATKlN HEUAISTK) RJtE: E.A 
TO'" 
TCl 
Tool ••• TOUd!. 
Ta No. TCO TOU .. 
I 
TO .... TOO TO W' TO .... TC. TGU~ TGNo. TCS To UIlI. 
(1 1,2 0.17 (i 1.' O.SS (i 1,' 0.02 (1 1,' 0.71 (i 1,' 0.t63 
(. • o.n (0 • 0.41 (z • 0.45 (. • 0.47 ~ (. 3,',7 0.t83 (. 1,7 (. 1,7 0.58 (. 1.7 0.111 (. I.' 0.51 (. 0 0 0.51 
(. 1,0 (. 1,0 0.2' 0 (. 
0 0 (. 0 0 (. 0 0 0.22 
(S 10,1' (. 10.11 0.11 • (. • to 11 0.3t (. 0 0 (- 0 0 0.1' 
(I 12T021 O.S.O (I 121021 0.54 (I 121021 0.52 (I 12t021 0.67 (I 121021 0.1t 
<z. 0 <r- <r- 1,' 0.25 C!-
1,' 0.t5 <z. 
... 
o.tU 
. 1,' 0." 
• 10 11 
8 to 11 
Av.Uach.Utll _ 0.612 AvJotach.UIII • 0.800 FlnItMd ASI..s .0.7a'l Av.M.ch.Uta _ O .• oa Av.M.th.Utll _ 0.'73 
FlAllhtd ASs _ 3 Flnllhld AS. _ 5 Finllhtd As. • , Flnllhed AS, • 50 
'~ 
·m ~Ll~ .~ L .~ H,urItUo E ~ !! • ~!~ ~J~ ~~ (Tool Dul".. .> TGN:J. i 8k)t1 callGn rule): ~ 5 , ~ ~E1 H..L H .7 
~~ 
WPI Tel ~ WPo Te. ;~ Te_ 1 • • {WPAI .... fWPRI WPo WPI IWPRI 
o I!: 1 • 1 • 1 5 1 5.1 1 • 
~~b • I • • • I • • • I 7 ..!.. 11 • I • • • • • • • • 
12 0 0 • 
, • • • 7 • I • • 
13 0 . • , • I • 
, 
• • • • 
14 11 18 I 7 I 7 • I I 7 I I 
15 17 .. 7 7 
, , 7 I 7 7 7 I 
.. 21 0 • 7 • 7 • I • 
I • • 
Tolal WP'I 58ft 4 T ........ 14118 TotalWPI 51121 T .... WP 17/12 .7123 
Fln/wlp Fln/wl 1nl. Flnlwlp Fln/wlp 
Table Al.' (cant) • Genctalloll proc:eu f(W toolinl conliluratloOl In tablo 10.8.4 
FMS with almM., Mon~purpoa. Machlnea 
SCHEDULING RULE: UAPAS. PART MIXA I [;] 1 ... 11 "011 ... 1 I Too.. COMBlNAlDt IELAISTIC RlLE: D 
TO ... Te. TO .... 
I 
TO No. Te. TO UtILI TO No. Te7 TO UtILI TO No. Te. ~O Ud. TGNo. Te. TO Uti .. 
c.- l.' O.IU r. 1,2 O.n (i 1,2 0.71 (1 1,' 0.84 G' 1,2 0.44 
(2 1,8,7 D.tU I. 1,8,7 0.11 (2 3,',7 0." ~ (2 • 0.52 (. 3,10,11 0.74 (. · · (, · · (. · · ,. .,7 0." (. .,7 0 .• ' (. · · (. · · (. · · (. · . (. . . (. · , (- · · (s · · (- · . (- . . (. 121021 0.'1 n (. 121021 0 (. 121021 0.14 (. 121021 0.14 (. 12 .. '21 ID,' t 0.71 • to 11 • 10 It 0.17 (7 1,' (7 1,' C!- 0.71 ez. 1,2 (7 6.'1 0.IS4 0." 1,' 0.14 1,' 0.17 • 10 11 .... 
Av.MadI.UtIl • o.ln Av.Nac:b.UtII • 0.171 Av.Mach.UtIt • 0.172 Av,Mach.Uta • 0.1293 Av.Mac:h.U'H • 0.924 
F"'lshfd ASa • 5 AnlsMd ASs. 5 Finished AS. • , F~AS..5 FInIahed ASa • 8 
HtudaUc 0: HeutlsUo 0: HeculaUo 0: "-"rlallo 0: 
...... .., ...... .., 
.> 
Uno ..... 
.> U......,. .> 
111 •• 10 TO M.7 and .> TO No.7 and Ta No.21n1O TONoAand 
",,,,,- ",,,,,- blaIo Ta No.2 gro",t.1io BI:~.102'1 Ta N0.51O TO No.4to ,""- TO No.5 to 
TO ..... TaNo.' Ta No" TONo..2 
?"'. Te_ TCI 
Te7 Te. Te. 
1 WPI (WPA) (WPA) WPI (WPA) WPI (WPA) 
"'" 
WPI I-JWPAI 
E::2l1:!: 1 • 1 5.' 1 5.' 1 • 1 •. 7 
~~~ • • • • • 2 • 2 I I 10 • • 
7 I 11 • • • • • • • 5 • • ~-
• • • • • • • • • • 1. , · 
-
• • • • • 5 • • • 13 . 
· 
• • • • • • • • • 7 
" 
1111 
17 11 7 • 7 • 7 • 7 • 7 7 15 
• • • • • • 
I 7 • 7 •• 
., 
· 
Total WPa 87123 Total WPa "/~I~ TolaI wpa l 14/24 TotoI WPI 1S/27 1t/21 Fln/wlD Flnlwl FIn/Win' Fin/win I ... _ •• 
Table A3.4 e Generation prote .. for lOoling cOnligwationl in table 10.9.1 
sct£DANlFU.E:Fa8 ~~~ __ r-~~ __ -wT~ __ ~-'_~ _ ~r~_~~RU-':r· __ -r-6~~~r.u~~~~I~~~I __ ,-,-__ .-__ ~~ 
TONo. I T:~~h ITO u., TO... TC02 ITO .... mHo. TOO I Ta ual. m... Te< Ta ... 
(i 
C· 
(. 
C' 
C· 
(a 
C, 
~ 
1,2 0.11 
3 0.33 
4 0.17 
• 0.01 
8.7 0.53 
'.' 0.22 
10,11 0.1' 
1210 21 0.4' 
Av.Mach.UtI • 0.708 
fJntlMd ASt • 2 
L ,'!'"T=i' 
~~ ~ 
H' H. i 
Ir.I .... ~ 
EIlE I' a 
IT: 6: ,I- • 
[(~:: : 
112 ' ,. , 
113 ' ,. 7 
...... 7 a 
15 17.. • I a 
20.21.' I. 7 
Toll Wpa :,:~: 
(i 
.-(. 
., 
•• C, 
.' (a 
I 
2 
• 
• 
• 
a 
, 
I 
t,2 0." 
3 0.33 
4 0.17 
'.7 O.SS 
I.' 0.22 
5,10.11 0.27 
12 ID 2t 0.4' 
Adtach.UtI • 0.714 
flnllMd ASs • 2 
I 
• 
a 
a 
7 
7 
a 
a 
• 7 
T"" W .. ~:,::!~ 
2 
• 
• 
• 
• 
7 
I 
(. 
., 
•• Ca 
.' (I, 
la,7 
1·,1 
0." 
0.33 
0.13 
0.5' 
0.14 
1.,'0,11 0." 
I 
• 
I 
I 
7 
7 
(1 
C-
(. 
C' 
C, 
(. 
C' 
~ 
',' 10 .• , 
• 10 .•• 4.... IAA .. 
Uto2t I ... ··' 
a,7 10 .•• 
I, , 
','0,11 10 ... 
........... ;: .... 
I 
• 
• 
• 
• 
• 
7 
a 
a 
7 
• 
• 
• 
I 
• 
• 
• I r .... 
I ".IW'. 
I 
• 
• 
• 
• 
• 
7 
I 
TCS TGUUI. 
t.2 0.14 
3,8.7 0.85 4.... 0.17 
121021 
5,10.11 0.45 
Av.Wacb.UCI _ 0.'38 
flnlaNd AS, • 5 
TGa.WPA LUH I-~ 
d 
50!... ll!:J 
H 
-~ 
a 
a 
7 
• 
I 
• 
• 
• 
1 • r .... w .. -eai17 I .,.1W1p 
,---------------------
Te. 
TO te. loal.et TO 00. 
(. 
4-
ca 
4' 
4' 
(0 
4' 
~ 
1,1 , .• , 
a 0.31 
• 0.17 
I 0.'1 
',7 0.$3 
I.' 0.22 
10,11 0.1' 
12 tD 21 0.41 
Av.Mach.UtI _ 0.701 
Rnilhed As. • 2 
Te. 
(WPR) 
h.~oE • o 
• 11!: E . • 
"fro · h.~w. .. 
:~12 • • I 
, 
(13 • • • , 
~t .. ,. t. 7 
17 ,. • 
o 
• 
, 
, 
o 
I ~15 
}~t ... ~~ .. , 
Tot .. wp.1 ISt/U 
Flttlwlp 
Table A3.4 (cont.) ~ Ocncratioo proce .. for lOolin& ronfi&ur.tionJ in table 10.9.1 
TaND. TC6 TO lIIiI. 
C' 
f' (. 
f' 
f' 
C" (, 
C" 
1'.2 
• 
• 
• 
'0' 
'0. 
121021 
10,11 
0." 
o.n 
0.22 
0.13 
0.11 
0." 
0.11 
Av.fMcII"UIiI • G.781 
FinIIhM ASI • 2 
.... 
• 
• 
• 
• 
• 
• 
, 
Te, 
(WPR) 
I 
• 
, 
, 
o 
I 
, 
· , 
• • T"WPa~ 
I Flnlwip 
TONo 
C' 
f· 
ca 
(, 
f' 
Co 
f' 
(I 
lC7 TB lIIiI. 
'0' 
• 
• 
• 
00 ' 10.11 
... 
121021 
0." 
O.U 
0.22 
0.t4 h 
0.7' ~ 
0." 
Av.UacIl.UIII • 0.7e 
FillilMd ASI. 2 
.... 
• 
• 
• 
• 
, 
• 
, 
• 
, 
, 
• 
o 
, 
I , 
• • 
TatIIWPtI~ 
I Fln/wlp 
TOND. Tea TO lIIiI,' TONo. Te. TO lhiI. 
c· 
f· 
C, 
f' 
f' 
C" 
f' 
~ 
'0. 
o 
• 
1.',7 
10,11 
... 
121021 
0." 
0.33 
0.22 
• .tn 
0." 
~~~.~ • 0.77' 
AnWIedASt .1 
Tci"" 
WPa~ 
• • 
• • 
· , 
• • 
• 
I 
, 
• 
• 
I 
o • 
• • 
TGtIIWPaI~ 
IFln/wlp 
... 
• 
••••• 121021 
1,',7 
10,11 
0 .•• 
0.34 
0.81 
0.111 
Av.MIch.Udl • 0 .• ,2 
finl,Md As. • I 
WPa 
• 
• 
a 
, 
• 
o 
, 
Te. 
(WPRI 
• 
o 
• 
, 
, 
, 
• 
• • 
• • 
TotIII \Wt,-SI/U 
I Fln/wlp 
:'" 
0-
,0 
Table A3.4 (COOL) - Generation proce .. for tooline confiaur.'ionl in lablc 10.9. t 
saeJll.NJ, FU.E:....,AS 
TOOLCOt.E~1lON tElRSTIC RlLE:B 
10 No. lCt TO lhiI. 
(i 
Co 
(a 
c-
e· 
(I 
e, 
(!, 
T"" ... 
1 •• 
• 
-
• 
1.7 
I.' 
".11 
1210 2 
0.77 
0.21 
0.23 
0.23 
0.5' 
0.1' 
0.11 
0.50 
Aw.MadI.lIIiI • 0.U3 
Anlehed AS, _ 4 
'2 - - 5 , 
" • I 
'
4t111 7 
111718. 
7 
7 
7 
2021- 1 , 
TotII WpI. Sl/22 
Fin/wlp 
TO No. TC1, OUII. 
(1 
e. 
(. 
e-
e. 
(I 
e, 
Cl 
• 
I 
7 
I 
• 
1 •• 
• 
• 
'.7 
I.' 
a,10.11 
12 to 21 
0.71 
0.21 
0.21 
0.11 
'.25 
0.30 
0.43 
Av.Mach.UtlI • 0.711 
finished AS.. 4 
I 
• 
I 
• 
I 
TONo. Te11 TO W. 
h' 
b • 
/. . 
.- . 
•• 1.7 
tl 1.2 •••• 
.7 3.10.11 
I1 '2 to 21 
0.27 
0.27 
O.'t 
0.87 
O.,~ 
'5O 
Aw.uach.UIiI _ 0.72' 
Rnillhed AS, .4 
• 
7 
• 
7 
7 
, 
, 
• 7 
Tdll YtPI"6'Oi"i1. 
I Fln/lillip 
MS with limit" Purpoae Machin .. 
TO ... 
(,'. 
Co . 
(. -
Te12 
.4 I.:t, '0,11 
t. I.' 
(I 1 ...... 
e, . 
(. 4.'110 It 
TO .... 1 
0.21 
0.7' 
. ...
0 .• 7 
.... 
Av.MKb.lhiI • 0.75' 
Rallied As. • 4 
I 
I 
7 
• 
• 
Total Wp.. 
I 
• 
7 
7 
7 
1"21 
Finlwlp 
TONo. Te" ~O UII. 
• 
• 
7 
I 
. . 
. . 
4,12102' 0.84 
1.3.10,11 0.74 
1,7 0.51 
1,2 ••• ' ' .• 7 
· . 
· . 
Av.MM:h.lItiI _ 0.788 
Finilhed ASs _ 4 
• 
I 
7 
7 
7 
Total WpI. 6iii7 
Fin/.ID· 
• 
w 
'" ..... 
Table A3,S .. Generation proce •• for toolin& configuration. in table IO~9,2 
8CHElJUUNGRtU:MAPAS FMS wo. UniIitd PuipOM MlchL 
TOOL cot.BNo\11ON HEURlS1lC RlU: D Gl~I2lG! 
"'No. Te. 
'" UIJ. ....... "' .. fCtS 
rauliL "' .... rCt4 GlItl. "' ... rCtS to w. 
11 
· " 
0.77 (1 . (1 ',' 0." (1 ',' 0.17 
Co , 0.21 .. . .. . . .. . 
I, • 0.23 C' 4.121021 0.84 C> 4,121021 0.61 (0 4 •••• 0.87 121021 
C. • 0.21 I· 5.S.10.11 0.74 I· 5.3.10,11 0.10 I' 5 •• ,10,11 0.5' (Heur.rule B) 
C. ',7 .... - ... -.. I. 1,7 0.51 I. 1,7 0.51 I· ',7 0.7' 
I. ',' 0.1' Cl 1.2 •••• 0.87 Cl I,' .... (. · 
C, 10,11 0.13 17 . 17 . . 17 . · 
I. 12 to 21 0.50 II . . CO . . (. . · 
Av.Mach.UtI! _ 0.733 Av ..... ch.lIIl _ 0.7" AV.MadI.UtI _ 0.1" Av.Mach.U1II _ 0.135 
FinIShed AS, _ 4 FIIIIsIMId AS. _ 4 F.,lIhocl AS. _ 4 FINIhocI ASI _ 4 
TGoWPR tooWPR too_ 
I P.It H r--;;- ....... H ,...- ~H L • 
L II!Ii L • I • ;;'"1 iD- I • ~ ~l!~ E~ It- ~! .! I-t ~& .. ~1tS frii I ~ [1fi U tb5 ~ I ! z , . 
=!. '--
I-H H H 
1 ~ 3 I- I~~' I: ~:, TC1S IWPR) 
I!2lIr: 
.... .... ..... 
• • • • • • • • E Ii: . • • • • • • • 1 [~-8 • 10 • • • • • • • I 
7 ..!.. 11 • • • • • • • 1 
•• . · • 7 • 1 • • • 7 
" 
. 
· • 7 • • • • • 7 
" 
,. 11 7 7 7 7 7 • 7 • 
15 17 ,. • 7 • 7 I • • • 
20 •• · • 7 • 
7 • • • • 
Tol8lWpL 58122 Total WPS 83/17 Total WPI 53/22 T ......... 57123 
fln'wlp Fln/wl, Flh''''1o • Fln'lIIlo 
T .... TCI Ta UIl
1 
(i I,' 0.81 
C· a 0.13 
C' ',7 0.51 
(. 
'.' 
0.21 
C· 10.11 0.1' (. 121021 0.41 
(z 0 0 
Itv.MlcU.ltl1 • 0.112 
FiniIhN AS. • 4 
Heuri.1ic E: 
12 
13 • 
14 11 18 • 
15 17 " 1 
20 ., 0 • 
-
TC. (Wl'R) 
• 
• 
• 
• 
I 
• 
• 
• 
54111 
Fln/wlp 
Tllblc A3.6 • Generation ptoce .. fOf toolin& contiauralions in tablo 10.11.1 
FMS with tifnited.purpou MachlltN 
SCHEDtUNG Rt.l.E: a.tlPAS ; PART MX It I I ... !lM. I G!l1El I TOOl cot.e~TKlN t£URSTIC RA.£: E IIIId a 
TG ... 
1 
TCO Ta .... 1 TG ... 1 TCO Ta .,..1 TONo TC4 . "". 
(1 ... 0.81 
I. a 0.41 
I, '.7 0.4' 
(. 
'.' 
.... 
I. 10.11 0,1' 
I· 121021 .... 0 
I!. I,. 0.21 
/tv.MaclI,\JtiI • 0.128 
RnIaIMId As. • 4 
..J TeZ 
..... (WPR) 
'.7 
• • 
• • 
• • 
• • 
I • 
7 • 
• • 
TotIfWP'~ 
I Flll/wlp 
(1 
e. 
e, 
(. 
e. 
(. 
(z 
• 
a 
• 
• 
• 
7 
I,' 0.81 
3 O.as 
',7 .... 
M'll 0.15 
10.11 0,1' 
0 0 
I.' 0,1S 
Av.Mlch.W • 0.701 
F'UIiaMd AS •• 4 
• 
• 
I 
I 
• 
• 
I • 
Toll/! WPs.154/2. 
I FllIIWip 
(1 ... 
I. a 
.. ',7 
(. ~t;'2~ 
I. 10,11 
II 0 
It 0 
Itv.MKb.u.I • 71 
AnlIbedAS, .1 
• 
• I 
• I 
• 7 
• 7 
• • 
7 • 
I • 
ToIII WPI 151124 
Fin/.lp 
0.8' 
0.42 
0.51 
0.81 
0,\1 
0 
0 
TO .. 
1 
TC. TOW. 
r. I.' .... 
C. a. to.11 0.51 
Cl ',7 0.11 
(. •••• t,2 0.'1 
C· 0 0 
(I 0 0 
(z 0 0 
Av,t.lIch.UIiI • 0,7n 
FlmMdAS.. , 
r--
I !::m -~ 1 4,1 
• 
• 
• 
• 
• 
7 
I 
I 
7 
7 
• 
• 
• I 
TNI WPt 7iii4 
Fln/wlp 
TGI.WPR H 
,-
IIIIr." 
.;14. 
to 
364 
Tabl. A3.1 • Generatioa. proull (or IOOIiDa coDfiauralioDl iD 
table 10.11.3 
tctteDUI.JrfQ RUt.E: WlPAI i PM .... fWl ~ UlnlW PurpoM M..:ha. 
. TOOlCCUlNAnoH HEURISTIC fU.l: e:.t • ~E1~El 
. 
~ .. 'el lGUI. , .... TC'. , .... ~ .. te .. , .... , ..... ' le,,. , ..... .... Tell . .... , ... .... ...... ~ ... te .. IW . ~ .. , ... 
.W . 
...... 
I; I.' 0." r. I.' •••• r. I.' 0 .•• (i I.' 0." (I I.' 0." r- I.' '.ff r- 1,.,1'101 0.17 I' 1,.,14101 0." la • •••• I- l-
.' 
. I' . la la la . 
p • 0.13 (. ",thllt 0 .• ' (. ",tztoat U. (. 0.4:1 (. ...... 0.11 C. .. .•.• t.t7 to .. .•.• '.13 .. .,10 ' 4.l2tol' 111011 111011 .atol, taloll 0.'7 
I< a '.11 .......... ., .. 1.s,II,n •••• .. l.a,to," '.n .. .,3.t.,n '.'4 C- l.s.",tt .... f· '.3.1'.1 0." I< .3.t'.11 ' .• 1 I< 1,s.I'.1I 0.1' 
t> a .• 0." -...• C· '.' 0." C. '.' 0.11 •• '.' 0." C' ••• '.ft f • '.' '.71 Co .' 0.71 C. '.' 0.1' I' '.' •. U (. '.' '.11 (. '.' '.21 (. (' . (. I' ta 
~ to.It O.U C· .. .. .. ... c. C. 
I! 11 to It .... (~ . (. Uktlt . .. (. .... /. f! ''''' • •• \! I! , ... , 
Aw.t.lMltlUII.o.733 .......... ,w.Ut. "' .... w.uoo Aw.MM:II.UIiI ........ AII.UodIItH .. '.131 A1I.MactI.LII ..... 31 Aw.Md.lll .. 0.124 ... ...... .LINl.O.14' 
fWIIIed.u. ... ,....... ....... , ......... A8I ... FlRllNdAa. ... PlnIllledAh ... fIrIIIMd As. .... n.w..IASe.4 FkIIIhMl Ah ... 
H •• ,. , .. "'" , .. "'" . ..- '~N 
...... ......-. ......... ........ . BE LI~ ~ LI~ Lilt Lilt I a • _I ! • ......... -tkd .... IloJpIcM .. ... - --' i! ... - ..... tIoII fIlM) .rG No. <!.. ~ f' = • BTG No. CL I f~ ....... , t~ fffi ...... uti .... _ -~ BTO ND_t;J • It!ri TCtI ....... .".., .... 
• I 
• • • 
TC1- r"fcii" Tcii" rtcii"" I • ~ .~ ~~ ~C;; , ... • .. .. , .. "" Wf'I (WPAI ... I_ ~ ~ ~ ...  .... .... ..... ... ~E I • I • I • I • I • I • I • I • • • • • • • • • • • • • • • • • • • • r;~ • • • • • • • • • • • • • , • • 
1 • t1 • • • • • • • • • • • • • 
, 
• • '-' 
.. . • 
, 
• • • • • • • • • • • • • • 
" • • • • • • • • • • • 
, 
• • • , 
.. l' 1. • , , • , • , • • • , • , • , • 
to 
" 
.. • • • • • • • • • • • • • • • • 
.. It . • 
, 
• • • • • • • a • • • • • • 
Td" .'1 11121, Td"M's~ Td"Wf'lI~ .,. .. Wf'II""i"1ii; TCII"WPI 1,71" TCII"WPl ~ Td" WPII ...;z. TCII .. WPI I.tlat fllllwl, flafwlp FIII/Wlp , ...... flNw. FWwl flllfwl fllllw. 
.'. 
, . 
·'t_ 0' 
